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Nano�uids have been receiving great attention in recent years due to their potential usage, not only as an enhanced thermophysical
heat transfer �uid but also because of their great importance in applications such as drug delivery and oil recovery. Nevertheless,
there are some challenges that need to be solved before nano�uids can become commercially acceptable. �e main challenges of
nano�uids are their stability and operational performance. Nano�uids stability is signi�cantly important in order to maintain their
thermophysical properties a	er fabrication for a long period of time. �erefore, enhancing nano�uids stability and understanding
nano�uid behaviour are part of the chain needed to commercialise such type of advanced �uids. In this context, the aim of this
article is to summarise the current progress on the study of nano�uids, such as the fabrication procedures, stability evaluation
mechanism, stability enhancement procedures, nano�uids thermophysical properties, and current commercialisation challenges.
Finally, the article identi�es some possible opportunities for future research that can bridge the gap between in-lab research and
commercialisation of nano�uids.

1. Introduction

Fluids of di
erent types are usually used as heat carri-
ers in heat transfer applications. Such applications where
heat transfer �uids (HTF) have an important role are heat
exchanging systems in power stations [1], cooling and heating
systems in buildings [2], vehicles air conditioning (AC)
system in transportations [3], and cooling systems of most of
the processing plants [4]. In all of the aforementioned appli-
cations, theHTF’s thermal conductivity has a strong in�uence
on the eciency of the heat transfer process and with it the
overall eciency of the system. For such reason, researchers
have continuously worked on developing advanced HTFs
that have signi�cantly higher thermal conductivities than
conventionally used �uids [5].

Considerable e
orts weremade on heat transfer enhance-
ment through geometrical modi�cation up to now [6] but
were all constrained by the low thermal conductivity of the
heat transfer �uids used. However, in 1995, Choi developed
a newly innovative class of heat transfer �uids that depends

on suspending nanoscale particles of metallic origin with an
average particle size of less than 100 nm into conventional
heat transfer �uids and gave such type of �uids the term
“nano�uids” [5]. In other words, the term nano�uid is used to
describe a mixture containing nanoscale particles of average
size less than 100 nmwith any base�uid that does not dissolve
the particles hosted by it.

�e idea of dispersing solids in �uids was �rst proposed
by Maxwell via his theoretical work more than 120 years ago
[7]. It was later used to dispersemmand/or�msized particles
in �uids by Ahuja in 1975, Liu et al. in 1988, and researchers
at Argonne National Laboratory (ANL) in 1992 [8–12].
�eir work depended on the high thermal conductivity of
metals at room temperature compared to �uids (i.e., order of
magnitude higher in thermal conductivity). For instance, at
room temperature, copper has a thermal conductivity 3000
and 700 times greater than that of an engine oil and water,
respectively. �e same di
erence in thermal conductivity
cohabits between liquids, since metallic liquids have much
higher thermal conductivity than nonmetallic ones. Figure 1
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Figure 1: �ermal conductivity comparison of common polymers, liquids, and solids [64].

illustrates the thermal conductivities of di
erent organic
materials, heat transfer �uids, metals, and metal oxides.
�erefore, by suspending metallic particles in a �uid, its
thermal conductivity is expected to be enhanced.

One of the problems that arises from using �uids con-
taining �m sized particles is the clogging of small passages
caused from the large agglomeration of the solid particles,
making it therefore hard to employ in heat transfer equipment
�tted with small passages. On the other hand, nano�uids
are believed to surpass such obstacle due to containing
small enough particle size which can �ow smoothly through
such channels (i.e., they will not block �ow passages).
Another advantage of using nanoparticles is that they have
an extremely large surface area over which the heat transfer
mechanism between the particle and its surrounding takes
place. For such reason, decreasing the size of particles from
mm and �m down to nm would extremely largen the surface
area and with it the enhancement in heat transfer. In the
year 2000, Xuan and Li rede�ned the term nano�uids to
include any nanoscaled particles ofmetallic, nonmetallic, and
polymeric origin mixed with a noncarcinogenic base�uid
[12]. �ey also stated that the e
ective thermal conductivity
can be increased by more than 20% by adding concentration
of nanoparticle as low as 1–5 vol% to the base�uid and
that the enhancement gets a
ected strongly by the parti-
cles shape, particle dimensions, added volume fractions in
the base�uid, particles thermophysical properties, and so
forth. �e term “e
ective” was introduced to describe the
thermophysical property of nano�uids and to di
er between
the thermophysical properties of the base�uid itself and the
newly formed �uid that consists of the base�uid and its
dispersed nanoparticles [13]. Figure 2 highlights the main
parameters that in�uence the e
ective thermal conductivity
of any nano�uid.

Factors to be considered when selecting nanomaterials
on preparing nano�uids for heat transfer applications are
(i) chemical stability, (ii) thermophysical properties, (iii)
toxicity, (iv) availability, (v) compatibility with the base�uid,
and (vi) cost. �e most commonly used nanoparticles for
nano�uids formulation are aluminium (Al), copper (Cu),
silver (Ag), iron (Fe), titanium (Ti), silicon (Si), zinc (Zn),
magnesium (Mg), carbon nanotubes (CNTs), graphene,

graphene oxide, and diamond. Commonly used base�uids for
nano�uid formulation are water, ethylene glycol (EG), EG –
H2Omixtures, and oils [63].

Several researchers have reported scale formation, also
known as “fouling e
ect,” on the surfaces when using
nano�uids in applications at elevated temperature such as
the inside of the annulus of heat exchangers [83–89]. �is
fouling e
ect acts similarly to surface nanocoating due to
its nature of formation which is based on nanoparticles and
can be e
ective in reducing the pressure losses caused by the
high viscosity of nano�uids compared to their base�uid.�is
happens since the layer formed tends to smoothen the surface
as illustrated in Figures 3(a) and 3(b).

Kang et al. demonstrated in their work how coating
a riser surface with nanoparticles reduced the pumping
power and improved the system eciency by 25% [66].
�is is because coating the riser surface has a
ected the
contact angle between the �uid and the surface, making it
more hydrophobic to the liquid in contact to it. Figure 4
demonstrates the relation between the surface contact angle
and �uid. Ali et al. [65] also con�rmed the changes in surface
wettability behaviour caused from nanocoating, where they
deposited Al particles on the surface of an Al substrate and
then examined the �lm thickness, �uid pH value, and �uid
temperature e
ects on the �uid-surface contact angle. �eir
�ndings showed that water of pH values above and below
7 tends to develop higher contact angles as the deposited
layer thickness and �uid temperature increased, in contrast
to water of neutral pH which showed the opposite behaviour.

Nano�uids fouling e
ect can also increase or decrease
the nucleation boiling heat transfer depending on the sur-
face/liquid contact angle as demonstrated by Phan et al.,
where they showed in their work that the highest heat transfer
coecient was obtained at a contact angle close to either 90∘

or 0∘ [90].
Besides to using nano�uid as aHTF in heat transfer appli-

cations, which was the main reason behind the development
of such category of �uid, it is also used in, for example,
sunscreen products [91], medicine [92, 93], reducing build-
ings pollution [94], magnetic sealing [95], microbial fuel
cells [96], antibacterial activity, and many other applications
[97].
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Data obtained from the Scopus database from 1995 to
2018 showed an exponential increase in the number of
documents with the word “nano�uids” as part of the title as
seen in Figure 5, except for the year 2018 which is most likely
to change with the upcoming data to the website [98]. Most
of the documents reported are in the form of journal papers
as shown in Figure 6.

2. Types of Nanofluids

Nano�uid, which is a term used to describe �uids contain-
ing dispersed particles of nanoscale, can be formed from
nanoparticles of single element (e.g., Cu, Fe, and Ag), single
element oxide (e.g., CuO, Cu2O, Al2O3, and TiO2,), alloys
(e.g., Cu-Zn, Fe-Ni, and Ag-Cu), multielement oxides (e.g.,
CuZnFe4O4, NiFe2O4, and ZnFe2O4), metal carbides (e.g.,
SiC, B4C, and ZrC), metal nitrides (e.g., SiN, TiN, and
AlN), and carbonmaterials (e.g., graphite, carbon nanotubes,

and diamond) suspended in water, ethanol, EG, oil, and
refrigerants [82, 99, 100].�ey can be classi�ed into twomain
categories: single material nano�uids and hybrid nano�uids.

2.1. Single Material Nano	uids. �is category of nano�uid
was �rst proposed by Choi, in 1995, and is considered as the
conventional form of nano�uids used, where a single type of
nanoparticles is used to produce the suspension via di
erent
preparation methods [5]. It was reported by many authors
that nano�uids of such category are superior in performance,
due to havingmuchmore favourable thermophysical proper-
ties than their base�uid [51, 101–104].

2.2. Hybrid Nano	uids. Hybrid nano�uids are an advanced
category of nano�uids which are made of a combination of
more than one type of nanoparticles suspended in a base�uid.
�is type of �uids was �rst studied experimentally by Jana et
al., in 2007, in order to enhance the �uid thermal conductivity
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Based on the contact angle, the surface is called:
(1)Θ < 90∘ Hydrophilic;

(2) Θ > 90∘ Hydrophobic; and

(3) Θ > 150∘ Super-Hydrophobic
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Figure 4: Relation between surface contact angle and �uids [66, 67].
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beyond that of a conventional single material type nano�uid
[105]. In their study, Cu nanoparticles, carbon nanotubes
(CNTs), and Au nanoparticles dispersed in water, as well
as their hybrids (CNT–Cu/H2O and CNT–Au/H2O) were
examined. �e results showed that the thermal conductivity
of Cu/H2O nano�uid was the highest among the tested
samples and increased linearly with the rise of particle con-
centration. Nevertheless, the stability of the CNT–Cu/H2O
nano�uid achieved longer settling time than the other types
of nano�uids. �is enables the �uid to conserve its thermal
conductivity much longer before degrading.

3. Preparation of Nanofluids

Uniformity of the particle dispersion depends mainly on the
preparation method used and can have a signi�cant e
ect on

the thermophysical properties of the nano�uid.Meaning that
if two similar nano�uids were to be prepared using di
erent
preparation methods, their thermophysical properties and
tendency to agglomeration are most likely to vary from each
other. �is is because nano�uids are not simply formed from
a solid-liquid mixture but requires special conditions to be
present in the suspension such as homogeneity, physical and
chemical stability, durability, and dispersibility. �ere are
mainly two techniques used to fabricate nano�uids, namely,
the bottom-up approach known as the one-step method and
the top-down approach identi�ed as the two-step method
[106].

3.1. Single-Step Approach. �e single-step approach relies
on combining the production and dispersion processes of
nanoparticles into the base�uid via a single step. �ere are
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Figure 7: Preparation of nano�uid using one-step vapour deposition method [23].

some di
erences in this procedure. One of the commonly
used methods for synthesising nano�uids, known as the
direct evaporation one-step approach, depends on solidifying
nanoparticles that are originally in gaseous phase inside
the base�uid itself. �e method was developed by Akoh et
al. [107] and was named the Vacuum Evaporation onto a
Running Oil Substrate (VEROS) method. �e initial idea of
thismethodwas to produce nanoparticles butwas found to be
extremely dicult to obtain a dry form of nanoparticles from
the produced �uid mixture. Wagener et al. [108] proposed
a modi�ed VEROS process, where they used high pressure
magnetron sputtering to synthesis dispersions containing Fe
and Ag nanoparticles. Eastman et al. [109] also developed
a modi�ed VEROS process, where they directly condensed
Cu vapor with a �owing low-vapor-pressure EG to fabricate
their Cu/EG nano�uid. Zhu et al. [110] employed a one-step
approach, through chemical reaction, to obtain Cu nano�uid.
In their work NaH2PO2⋅H2O with CuSO4⋅5H2O in EG was
irradiated to chemically react into producing the nano�uid.
In addition, Tran and Soong [111] used a laser ablation one-
step method to synthesise Al2O3 nano�uid. Another one-
step approach also exists [112, 113], with all being favourable
in minimizing the agglomeration of nanoparticles in the
base�uid. However, the downside of using the one-step
approach is the presence of contaminations that are dicult
to dispose of [106]. Figure 7 shows a sample of the one-step
approach used to prepare nano�uids by vapour deposition.

3.2. Two-Step Approach. In this approach, nanoparticles are
initially produced or purchased in the form of dry powder
and then dispersed in the base�uid.�e commonly employed
equipment for dispersing nanoparticles in the base�uid is
magnetic stirrers, ultrasonic bath, homogenizers, high-shear
mixers, and bead mills. Unlike the one-step approach, the
two-step approach is more commonly used to fabricate
nano�uids due to having a lower processing cost and a
wide availability of commercially supplied nanoparticles by
several companies. Figure 8 demonstrates an example of
the schematic procedure of the two-step approach used for
synthesising nano�uid.

Eastman et al. [109],Wang andXu [114], andLee et al. [115]
adopted this approach to form their Al2O3 nano�uids. Mur-
shed et al. [116] synthesised TiO2/H2Onano�uid via the same
route. Xuan and Li [12] used as-received Cu nanoparticles to
produce transformer oil based and water based nano�uids.

Single-walled and multiwalled carbon nanotubes were also
reported to be used with or without adding surfactants for
preparing nano�uids using the two-step method [56, 56, 117–
120].

Some researchers claim that the two-step process is
preferable for forming nano�uids containing oxide nanopar-
ticles, while it is less e
ective toward nanoparticles ofmetallic
origin [121]. �emain disadvantage of the two-step approach
is the large aggregation of particles that accompanies the
process compared to the one-step method. Despite such
disadvantages, this process is still the most popular route for
producing nano�uids of large or small quantities and can be
used to synthesise almost any kind of nano�uids [23].

4. Stability of Nanofluids

Part of the challenges that faces commercialising nano�uids
is their poor stability due to the interaction between the
particles themselves and between the particles and the sur-
rounding liquid [26]. �is kind of behaviour can be linked
to two opposing forces: (1) the well-known Van der Waals
attractive forces on the particles surface which causes the
particles to be attracted to each other into forming clusters
or agglomerations of particles and then separate from the
base�uid and settle at the bottom due to gravitational force
and (2) the electrical double layer repulsive force which
tends to separate the particles from each other via steric and
electrostatic repulsionmechanisms [122–124]. Figure 9 shows
the steric and electrostatic repulsion mechanisms. Stability is
a very important element in commercialising nano�uids as
it extends the shelf-life of the product while conserving its
thermophysical properties. To obtain a stable nano�uid the
electrical double layer repulsive force should surpass the Van
der Waals attractive forces.

4.1. Stability Evaluation Methods. As previously mentioned,
stability of nano�uids has a vital role in extending its shelf-
life and preserving the thermophysical properties of the �uid.
Di
erent evaluation methods for the stability of nano�uids
were discussed by di
erent researchers [125, 126]. �ese
techniques are discussed below.

4.1.1. Zeta Potential Analysis. �e zeta potential analysis
evaluates the stability of nano�uids through the observation
of electrophoretic behaviour of the �uid [127].�is is because
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Figure 9: Repulsion mechanisms: (a) steric repulsion and (b) electrostatic repulsion [68].

the free charges in the base�uid get attracted to the opposite
charges on the dispersed particles surface, causing the devel-
opment of a layer of charged ions known as the stern layer.
�ere is an additional layer that surrounds the formed stern
layer, de�ned as the di
use layer, which has its individual
charges and is more di
usive. �e zeta potential can be
de�ned as the potential di
erence between the base�uid and
the stern layer in contact to the dispersed particles as shown
in Figure 10 and is measured in millivolts.

In any nano�uid, the zeta potential can be ranged from
positive, at low pH values, to negative, at high pH values. In
terms of nano�uid stability, zeta potential value > ±60mV
has excellent stability, ± (40 to 60)mV has good stability, ±
(30 to 40)mV is considered stable, and < ±30mV is highly
agglomerative [125]. Measurement of the zeta potential value
in a nano�uid can be performed using a Zeta Sizer Nano
(ZSN) device [128].

Kim et al. [28] fabricated Au/water nano�uids, of particle
size ranging from 7.1 to 12.11 nm, without the addition of
any dispersants and found out that the suspension remained
outstandingly stable for up to 1 month. �e stability of the
nano�uids was characterised using the zeta potential analysis
technique which showed a negative zeta potential values
ranging from −32.1 ± 0.95 (0.018 vol%) to −38.5 ± 1.84
(0.0025 vol%). Wang et al. [129] investigated the e
ect of
di
erent pH values and the variation of sodium dodecyl-
benzene sulfonate (SDBS) concentration on Al2O3/H2O and
Cu/H2O nano�uids stability. Nanoparticles of 0.05wt% were

employed in their zeta potential measurements of the two
water based nano�uids. �eir results indicated that in the
region of 2.0 < pH < 8.0, the zeta potential value of alumina
nano�uidwas negatively higher than that of copper nano�uid
sample at the same pH value, but in the region of pH > 8.0,
Cu/H2O nano�uid had shown better dispersion as the zeta
potential value was higher than the Al2O3/H2O nano�uid
at the same pH level. �e maximum zeta potential values
obtained were −40.1mV for Al2O3/H2O and −43.8mV for
Cu/H2O. It was also reported that the addition of SDBS
has improved the nano�uids dispersion, where the highest
zeta potential value for alumina nano�uid, of pH = 8.0, was
at SDBS = 0.1 wt% and the copper nano�uid, of pH = 9.5,
was at SDBS = 0.07wt%. Mondragon et al. [70] examined
the increase of silica nanoparticles mass fraction on the
stability of silica-water nano�uids of di
erent pHvalues.�ey
concluded that raising the nanoparticles from 2% to 20%
mass fraction has led to a reduction in the zeta potential
value from –48.63mV to −16mV both at a pH of 10, with
a minimum achievable stability of 48 h for the 20% mass
fraction. Researchers have reported the value of zeta potential
of various types of nano�uids of water base, at di
erent pH
values and without the addition of any type of surfactant, as
demonstrated in Figure 11.

4.1.2. Sedimentation Photograph Capturing Method. �is
method is considered to be one of the simplest approaches to
measure the stability of nano�uids [27, 130]. In this approach,
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the volume of the agglomerated nanoparticles in a nano�uid
is monitored under an external force. �is is done by placing
a sample of the prepared nano�uid in a transparent glass vial;
then the formation of sediments is observed via capturing
photographs of the vial at equal intervals of time using a
camera [131]. �e captured images are then compared to
each other to analyse the stability of the nano�uid. �us, the
characterised nano�uid is considered to be stable when the
particles size and its dispersity remain constantwith time (i.e.,
no sedimentation occurs).

�ree behaviours of sedimentation can be observed in
any unstable nano�uid: (1) dispersed sedimentation, where
the sediment height is gradually increased from the bottom
as the solution clari�es; (2) �occulated sedimentation, where
the sediment height reduces with respect of time; and (3)
mixed sedimentation,where both previous phenomena occur
simultaneously in a nano�uid [132]. Figure 12 illustrates the
three sedimentation behaviours.

Xian-Ju and Xin-Fang [133] investigated the pH value
in�uence on alumina-water and copper-water nano�uids

stability, at similar wt%. Commercial Al2O3, of 15–50 nm
particle size, and Cu, of 25–60 nm particle size, nanoparticle
were used at a wt% between 0.01% and 0.9% in their two-step
fabrication process. Sedimentation photograph capturing
method was adopted, for a period of 7 days, to determine
the samples stability. �eir results showed that the highest
nanoparticles dispersion can be obtained at a pH of 8.0 and
9.5, for Al2O3/H2O and Cu/H2O nano�uids, respectively.
Angayarkanni and Philip [134] have studied the stability
of �-Al2O3 (13 nm) and �-Al2O3 (24.4 nm) water based
nano�uids at a vol% ranging from 0.5 vol% to 6.0 vol%. Four
time intervals were captured to analyse the stability of their
nano�uids, speci�cally, at time of 0, 3, 30, and 172 h. From
analysing the images, they noticed that up to 3 h there was
minimum phase separation for both types of nano�uids, and
at time > 3 h, the �-Al2O3 particles started settling, with
a complete phase separation being reached a	er 172 h. On
the other hand, �-Al2O3 nano�uids have maintained their
stability throughout the time period. Witharana et al. [75]
also used the same approach as part of their investigation of
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Al2O3/deionised water (DIW) nano�uid, of spherical shape
and particles size in the range of 10–100 nm, aggregation
and settling behaviour. For the suspensions preparation, they
used 0.5 wt% of alumina nanopowder and then dispersed it
with the base�uid for 4 h using an ultrasound device. �e
pH of the produced suspensions was a	erward adjusted to
a pH of 6.3 and pH of 7.8. �eir results have illustrated
that the as-prepared nano�uid of pH 6.3 was stable for
more than 30min, and the nano�uid of pH 7.8 was rapidly
settling (i.e., highly unstable).�ey also concluded, from their
�ndings, that within the unstable nano�uid there exist two
main regions, which re�ects the phase separation speed. �e
�rst region is called the rapid settling region (up to 2min),
where the settling speed was ∼46mm/min, and the second
is called the slow settling region (beyond 2min), where
the settling was at 4mm/min. Figure 13 demonstrates the
unstable nano�uid phase separation speed regions. Ilyas et al.
[135] tested the stability of as-received alumina nanoparticles,
of 40, 50, and 100 nm average diameter, dispersed in water-
ethanol (0–100wt%) using the same method. �ey divided
their samples between a low particles concentration group
(nanoparticles: 0.1, 0.3, and 0.5 wt% and ethanol: 0–50wt%)
and a high particles concentration group (nanoparticles:
1.0, 3.0, and 5.0 wt% and ethanol: 60–100wt%). Observing
the sediment formation, with and without sonication, they
found out that the low concentration samples have followed
a dispersed sedimentation mechanism, with complete set-
tling a	er 16 h. On the contrary, the high concentration

group showed a �occulated sedimentation behaviour where
nano�uids fully settled a	er 16 h, with an exception to the
100wt% of ethanol samples, where the settling exhibited a
mixed sedimentation behaviour.

All of the aforementioned researchers have con�rmed
that the stability of nano�uid can be indicated using the sed-
imentation photograph capturing method. Despite the fact
that this approach represents a high-performance analysis
of nano�uid stability with low cost, very few papers were
published using this method [136]. One of the reasons that
can be linked to the limited adaptation of such stability
evaluation approach is its requirement of a long period of
observation which is very time consuming [69].

4.1.3. Centrifugation Method. Nano�uid centrifugation is a
much faster method for determining the stability of the
prepared �uid compared to the sedimentation photograph
capturing approach. It has been employed in a variety of
stability studies, in which a visual examination of the nano-
�uid sedimentation is performed using a dispersion analyser
centrifuge.

Singh and Raykar [137] con�rmed the stability of the
as-prepared silver/ethanol nano�uids, of 30–60 nm particle
size and 0.0112–0.0114 vol%,with added polyvinylpyrrolidone
surfactant and centrifuging the samples for 10 h at 3000 rpm.
�e outcome of their experiment showed excellent stability
with no signs of sedimentation. Li and Kaner [138] also
evaluated the instability of an aqueous polyaniline colloids via
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Table 1: Examples of nano�uids absorption wavelength peaks reported using an UV-Vis spectral analyser.

Investigators Nanoparticle Base�uid Peak wavelength (nm)

Liu et al. [14] Aligned CNTs DW 210

Jiang et al. [15] CNTs DW 253

Chang et al. [16] Cu DW 270

Chang et al. [16] CuO DW 268

Sato et al. [17] Ag DW 410

Hwang et al. [18] Fullerene Paran oil 397

manipulating its pH value and employing the same stability
technique. He found out that the electrostatic repulsive force
surrounded by the nano�bers helped in providing the longest
stability to the colloids, with an optimum stability reached at a
pHvalue of 2.6.Mehrali et al. [139] observed the instability via
centrifuging their graphene/distilledwater (DW) suspension,
of 2 �m diameter and 2 nm thickness, from 5 to 20min at
6000 rpm. Four mass concentrations (0.025, 0.05, 0.075, and
0.1 wt%) were used in their research and all have shown good
stability with the presence of few sedimentation at the bottom
of the test tubes at the end of each centrifugation process.

4.1.4. Spectral Analysis Method. �is method was �rstly
proposed, in 2003, by Jiang et al. [15] and can be implemented
only if the dispersed nanoparticles have an absorption to
wavelength between 190 to 1100 nm [68]. �e nanoparti-
cle size distribution in nano�uid is characterised via the
absorbed spectrum due to the optical properties of the parti-
cles, which depend on theirmorphology (i.e., shape and size).
In general, the absorption intensity and the concentration
of nanoparticles in a nano�uid cohabit a linear relationship
[68]. A UV-Vis spectral analyser may be used in such process
to determine the variation in sedimentation time with the
supernatant particle concentration viameasuring the absorp-
tion of the nano�uid. �e main advantage of this method
is its capability of presenting a quantitative concentration
from analysing the nano�uid. Hwang et al. [18] estimated
the stability of multiwalled carbon nanotube (MWCNTs)
dispersed in paran oil nano�uids at di
erent sedimentation
time for 800 h using this technique. �e MWCNTs used
into fabricating the nano�uids had an average length of
10–50 �m and average diameter of 10–30 nm. �eir results
showed that the MWCNTs nano�uids had a low spectrum
absorption throughout their wavelength (between 360 and
700 nm), with the highest spectrum absorption being at a
wavelength of 397 nm, revealing the poor stability and large
agglomeration of their nano�uids. Souza et al. [140] exam-
ined the uniformity distribution of TiO2/DW, of 40.7 nm
average particles size and nano�uids of pH 7.5, via a UV-Vis
absorption spectrum analysis. According to their results, the
nano�uids wavelength peaked with absorbency > 1 between
280 and 400 nm, which demonstrated high stability. Some
of the nano�uids absorption wavelength peaks reported by
di
erent researchers, measured by UV-Vis method, can be
seen in Table 1.

4.1.5. 3�-Method. Evaluation of the thermal conductivity
changes in nano�uids, caused by the sedimentation of

nanoparticles, was also proposed as a stability measuring
approach known as the 3�-method [69]. �ree articles
were found using this method [76, 141, 142]. Oh et al.
[76] work consisted of examining the stability of the as-
prepared Al2O3/DIW and Al2O3/EG nano�uids, where the
nanoparticles were of 45 nm diameter and 0–4 vol%. �e
nano�uids e
ective thermal conductivity was measured for
one hour, which showed an increase in its value with time.
�is was believed to be caused from the aggregation of
the nanoparticles within the base�uids. On the other hand,
Mart́ınez et al. [141] investigated the same e
ect onTiO2/H2O
nano�uids that were constructed at 5∘Cand 15∘C, using 5wt%
as-received TiO2 of 6 nm average particles size. It was found
that nano�uids fabricated at 5∘C lost its stability a	er 5.55min
but had maintained its form for 7.53min when applying a
1000 kPa inert pressure to the samples. Moreover, the 15∘C
samples had achieved a 7.18min and 6.77min stability, with
and without added pressure, respectively. Figure 14 shows the
experimental con�guration of the 3�-method.

4.1.6. Electron Microscopy Methods. Particles size distribu-
tion can be measured to determine the nano�uid stability
using a transmission electron microscopy (TEM) or scan-
ning electron microscopy (SEM) devices. �ese very high-
resolution microscopes tend to capture the digital image,
known as the electron micrograph, of approximately 0.1 nm
in size [23, 69]. If clusters of nanoparticles are found within
the obtained images, then sedimentation mechanism is most
likely to occur (i.e., the nano�uid is considered unstable).

�e usual practice reported for inspecting the sample
stability using a TEM device is by placing a drop of the as-
prepared nano�uid on a carbon coated copper grid and then
monitoring the distribution of the nanoparticles on top of
the copper grid when the base�uid is completely evaporated
[23]. Total evaporation of the base�uid always results in
aggregation of the nanoparticles. For such reason, the TEM
characterisation approach is only applicable for nano�uids
of low particles concentration. On the other hand, SEM
inspection of the sample is performed by placing a drop of
the nano�uid on a sticky tape, which is �xed on top of the
specimen holder, then heated in a vacuum oven, and dried
naturally with air. Finally, the dried sample is placed in the
SEM vacuumed chamber to capture the particles images [26].
Figures 15(a) and 15(b) demonstrate the CuO nanoparticles
images taken by TEM and SEM, respectively.

Das et al. [143] used TEM images to determine the
stability of 99.7% pure alumina (50 nm average particles
diameter) dispersed in DW, with and without surfactant, at
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Figure 15: Electron micrograph of CuO nanoparticles using (a) TEM [77] and (b) SEM [78].

0.1–2.0 vol%. Sodium dodecyl sulphate (SDS), cetyl trimethyl
ammonium bromide (CTAB), and SDBS surfactants were
used separately in the fabrication process to form (Al2O3 –
SDS – DW), (Al2O3 – CTAB – DW), and (Al2O3 – SDBS
– DW) nano�uids, which were compared to pure Al2O3/
DW samples. In all the examined cases, the nano�uids
containing surfactant have illustrated less agglomeration than
the pure Al2O3/DW nano�uids, with the highest stability
being achieved from the SDBS surfactant of 2 : 1 particle to
surfactant mass ratio. Kim et al. [144] studied the dispersion
of one-step fabricated Cu/ethanol, Ni/ethanol, Cu/EG, and
Ni/EG nano�uids, of spherical shape and average particles
size < 100 nm, by analysing their TEM images. �e high
magni�ed images revealed that EG, as a base�uid, had
better dispersibility e
ect on the nanoparticle than ethanol,
with Cu/EG nano�uid showing �ner particle size and better
dispersibility behaviour than the other three cases. SEM
technique was adopted by Rubalya Valantina et al. [145]
to determine the 0.03 vol% dispersed ZnO (69 nm) and
ZnZrO (23.9 nm) nanoparticles in rice bran oil with/without
tert-butylhydroquinone (TBHQ) antioxidant. �eir results
showed that ZnO particles were homogeneously distributed,
with or without TBHQ, in the sample and that the ZnZrO
nano�uid had noticeable particle agglomerations.

In addition to the TEM and SEM devices used to charac-
terise the nano�uids stability, cryogenic electron microscopy
(Cryo-EM) can also analyse the stability of nano�uids, if the
microstructure of the nano�uid is unchangeable throughout
the examination process [146].

4.2. Stability Enhancement Procedures. Several literatures
have reported diverse ways of improving the stability of
nano�uids, which are discussed in the following section.

4.2.1. Addition of Surfactants. Adding surfactants, also re-
ferred to as dispersant, is an e
ective stability enhancement
method that prevents the agglomeration of nanoparticles
within the nano�uid [147]. It is considered as a simple and
economical chemical method, which reduces the surface ten-
sion of the base�uid and improves the immersion of nanopar-
ticles. �is is because surfactants consist of hydrophobic
tail portion (e.g., long-chain hydrocarbons) and hydrophilic
polar head group that tends to increase the hydrophilic
behaviour between the base�uid and the nanoparticles.

Based on the head composition, dispersant can be divided
into four classes: (1) ionic surfactants with head groups
of negative charge (e.g., alkyl sulphates, long-chain fatty
acids, phosphates, sulfosuccinates, and sulfonates), (2) non-
ionic surfactants with neutral head groups (e.g., alcohols,
polyethylene oxide, and other polar groups), (3) cationic
surfactants with head groups of positive charge (e.g., long-
chain quaternary ammonium compounds and long-chain
amines), and (4) amphoteric surfactants of zwitterionic head
groups (charge is a pH depended) [68].

Commonly used surfactants are listed in Table 2. Select-
ing a suitable surfactant is determined by the base�uid used
in preparing the nano�uids. In general, if the base�uid is
a polar solvent, then a water-soluble surfactant should be
used; otherwise, an oil-soluble is used instead. �e solu-
bility of nonionic dispersant can be estimated through the
hydrophilic/lipophilic balance (HLB) value. �e higher the
HLB value, the more water-soluble the surfactant, while the
lower theHLB value, themore oil-soluble the surfactant.HLB
values can be found in many handbooks [68].

�e disadvantage of using dispersant as a nano�uid
stabilizer is its sensitivity to hot temperature. �is is because
the rise in temperature causes the bounds between the
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Table 2: Commonly used surfactants and their structure formulas.

Surfactant Structure formula
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(PVP) [19]
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nanoparticles and the surfactant to be damaged and in
some cases, it can chemically react into producing foams
[148]. Additionally, excessive amount of surfactant a
ects
the thermophysical properties of the nano�uid, where it
increases the viscosity of the nano�uid and reduces its
thermal conductivity [23, 149].

Timofeeva et al. [150] dispersed 15 nm silicon dioxide
nanoparticles in synthetic oil, �erminol 66 (TH66), to
improve the base�uid heat transfer eciency. Benzethonium
chloride (BZC), benzalkonium chloride (BAC), and CTAB
were used as surfactants, at 5 wt%, to examine their in�u-
ence on the nanoparticles dispersion behaviour. �e SiO2
nanopowder, of 1 vol%, and TH66 base�uid were sonicated
with/without surfactant for 50min to prepare the nano�uids.
Visual appearance of the samples, for 24 h, indicated that the

surfactants had improved the stability of the nano�uids, with
BAC showing the highest dispersion condition. However,
pure SiO2/TH66 nano�uid had illustrated large particles
agglomerationwhichwas linked to the strong attraction force
between the nanoparticles. �e �ndings were also con�rmed
through SEM and spectral analysis. Rohini Priya et al. [32]
fabricated 40–60 nm particle size CuO with H2O and tiron
(surfactant) nano�uids via 6 h sonication. It was reported that
the ideal CuO : tiron ratio that could ensure colloidal stability
corresponded to 2.5 : 1.�is was also con�rmed from the zeta
potential measurements, where the nano�uids were found
to possess an absolute value of 30mV, which was sucient
to preserve the stability of the colloidal. Furthermore, the
authors have stated that the stability of their nano�uids
was also con�rmed through visual observation but gave no
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Figure 16: �e two functionalized nanoparticles approaches. Method 1 (top): 	 functionality with the ligands reacts directly with the
nanoparticle; method 2 (bottom): 
 functionality with the ligand reacts directly with the nanoparticle and is then converted into another
functionality 	 [79].

data on the manner. Byrne et al. [151] prepared CuO/DW
nano�uids with and without CTAB. �ree concentrations
of the CuO nanopowder were used, 0.005 vol%, 0.01 vol%,
and 0.1 vol%, with and without surfactant, of 1 : 1 vol% ratio,
to produce the suspensions. Dynamic light scattering (DLS)
measurements indicated an increase in agglomeration with
the rise in particles concentration, where the 0.1 vol% sample
containing no surfactant showed a rapid decrease in particle
size from about 3000 nm at time zero to 300 nm a	er 4 h.�is
reduction in particle size was explained by the researchers
to be caused from the settling of heavier agglomerates of
particles, leaving the smaller particles freely detected. On the
other hand, the samples that contained surfactant had an
average particle size of 200 nm with no variation for a period
of 7 days.

4.2.2. Surface Modi�cation Techniques. One of the methods
used to achieve long-term stability of nano�uids, without
the need of surfactants, is by modifying the nanoparticles
surface via functionalization. �is is done by introducing
functionalized nanoparticles into the base�uid in order to
obtain a self-stabilized nano�uid. Usually, suitable functional
organic groups are selected as they tend to attach to the atoms
surface, enabling the nanoparticles to self-organize and avoid
agglomeration [79].

�ere are two approaches where functional groups can
be introduced. �e �rst method is by introducing all the
functional ligand in one step, which requires bifunctional
organic compounds. A single functionality (�) is employed
to be attached to the nanoparticle surface and an additional
group (	) is where the nanoparticles are functionalized. �e
second method relies on the reaction between the bifunc-
tional compounds �-
, where group 
 acts as a coupling
location and can convert a	erwards to a �nal functionality	 [79]. Figure 16 shows the two functionalized nanoparticles
approaches.

Kayhani et al. [152] functionalized spherical TiO2
nanoparticles, of 15 nm particles size, by chemical treatment
to achieve stabilized TiO2/DW nano�uids. Titanium diox-
ide powder was mixed with 1,1,1,3,3,3, hexamethyldisilazane

(C6H19NSi2), at a mass fraction ratio of 2 : 1, and then
sonicated for 1 h under 30∘C to obtain soaked nanoparticles.
Using a rotary evaporation device, the soaked nanoparticles
were dried and then dispersed by ultrasonic vibration, for
3–5 h, with DW. �e fabricated nano�uids were stable for
several days without any visible signs of agglomerations.�is
stability behaviour was linked to the hydrophilic ammonium
groups placed on the TiO2 nanoparticles surface. Yang and
Liu [35] were able to maintain the dispersion of SiO2/DIW
nano�uids, of 30 nm size and 10% mass concentration, for 12
months by functionalizing the nanoparticles with silanes of
(3-glycidoxylpropyl) trimethoxysilane.�e term “functional-
ized nano�uid” was also proposed to describe any nano�uid
that uses functionalizing in its fabrication process. Chen et
al. [148] compared the stability of pristine CNTs (PCNTs)
and chemically treated CNTs (TCNTs) dispersed in DW, EG,
and glycerol. �e average length and diameter of the CNTs
used were about 30 �m and 15 nm, respectively. Potassium
hydroxide was used, via a mechanochemical reactor, to
introduce hydrophilic functional groups to the CNTs surface
and hence produce TCNTs. �rough TEM images and
visual evaluation, it was revealed that the PCNTs nano�uids
were rapidly aggregating and completely sedimented a	er
5min from preparing the nano�uids of 0.1 vol% PCNT. On
the other hand, the TCNTs nano�uids, of similar vol%,
maintained a long-term stability (many months) with no
visible precipitation at the bottom of the test vial. It is
worth mentioning that surface modi�cation technique via
functionalization is not a special method used only for
nano�uid but can also be employed in other applications (e.g.,
functionalizing graphene oxide bonded to a graphene-based
�lm to improve thermal management) [153].

4.2.3. Ultrasonic Agitation. Sonication, which is a physical
method that depends on employing ultrasonic waves through
the �uid, can be used to enhance the stability of the nano�uid
by rupturing the nanoparticles attractional force within
the sediments [154]. �ere are two types of ultrasonicators
available, the probe type and the bath type. Both types can
be seen in Figure 17.
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Figure 17: Probe type and bath type ultrasonicators [80, 81].

Many researchers have used ultrasonication in preparing
and stabilizing their nano�uids. It was also reported that
the probe type sonicator gave a better improvement to
the nano�uid than the bath type [26]. Chung et al. [155]
demonstrated this through their research work, where they
examined the as-prepared ZnO/H2O nano�uid, of 20 nm
average particle size, in terms of rate of sedimentation, rate
of size reduction, and minimum size achieved. �ey found
out that the probe type sonicator was more e
ective than the
bath type sonicator, where the particles within the nano�uid
were of 50–300 nm in size. Petzold et al. [156] investigated
the distribution of 1.0 g of fumed silica (aerosol) particles, of
7–40 nm size, dispersed in 100ml of water samples. Particles
scattering, within the base�uid, was performed using a
magnetic stirrer, high intensity ultrasonic probe, and an
ultraturrax, each for 10min. �e zeta sizer analysis results
have shown that, unlike the magnetic stirrer and ultraturrax
samples, the nano�uids prepared using ultrasonic probe had
a uniform particles dispersion along the 30min examination
period.

Although sonication technique is widely used, partic-
ularly in the nano�uid two-step preparation method, the
optimum sonication time, wave, and pulse mode are still
unknown. It was also pointed out that increasing sonication
time does not necessarily improve the reduction in particle
size, as it can largen rather than reduce the particle size as
illustrated by Kole and Dey [157]. In their work, ZnO/EG
nano�uid, of 1.0 vol%, showed a rapid decrease in particles
size (from 459 nm to 91 nm) between 40 and 60 h of sonica-
tion and then an increase in size that reached to 220 nm a	er
100 h.

4.2.4. pH Control of Nano	uids. Manipulating the pH value
of nano�uids changes the nanoparticles surface and can
strongly improve the stability of the dispersed nanoparticles
[158, 159]. �is is because the stability of a nano�uid is
directly related to its electrokinetic properties. �erefore,
the zeta potential can be increased/decreased by changing
the pH value of the nano�uid and as mentioned previously,
zeta potential values of nano�uids above +30mV or below−30mV are considered to be more stable because of the high
repulsive force generated between the charged nanoparticles.
�e pH value of a nano�uid can be increased or decreased by
adding an appropriate nonreactive alkaline or acidic solution,
respectively [160].

Many studies were carried out to demonstrate the e
ect
of pH level on the stability of nano�uids [161–166].Witharana
et al. [75] examined the settling and aggregation behaviour of

alumina (Al2O3)/H2O nano�uid of 0.5 wt%, 46 nm particle
size, and of spherical particle shape at pH values of 6.3 and
7.8. �ey discovered that the suspensions were stable at a pH
value of 6.3 for more than 30min compared with the pH
value of 7.8 which had endured a complete particle separation
and settlement a	er 30min. Manjula et al. [167] studied in
their work the e
ect of added surfactants and pH level on
the dispersion behaviour of water based alumina nano�uid
through its sedimentations. �eir results showed that adding
surfactant and optimising the pH level maximized the sta-
bility of the nanosuspension. Zhu et al. [168] investigated
the in�uence of di
erent concentrations of SDBS and pH
values on the behaviour of Al2O3/H2O suspension. �ey
found out that the e
ective thermal conductivity and stability
of their nano�uid were signi�cantly dependent on the SDBS
concentration and pH value of the �uid, where the e
ective
thermal conductivity was increased by 10.1% at a pH value of
8 and particle concentration of 0.15 wt%.

Modak et al. [101] experimentally investigated the heat
transfer characteristics of copper oxide (CuO)/H2Onanosus-
pension impingement on a hot surface. During the prepa-
rational phase of the nano�uid, they found out that the
optimum stability for the 0.15% and 0.60% volume concen-
tration dispersion, at stationary condition, can be achieved
for a period of 60 h at a pH value of 10.1 with a 0.2 wt%
added sodium dodecyl sulfonate (SDS) surfactant. Lee et al.
[169] evaluated the thermal conductivity and stability of CuO
nanoparticles, of 25 nm mean diameter, dispersed in DIW.
�eir particle size measurements revealed that the formed
agglomeration of particles sized from 160 nm to 280 nm at a
pH range of 3 to 11. �ey concluded that the stability of the
suspension was in�uenced by the hydrodynamic size of the
embedded particles and the pH value. It was also reported
that the e
ective thermal conductivity enhanced by about
11% over that of the base�uid at a pH value of 11. Chang et
al. [170] studied the sterical and electrostatic stability of a
high suspension self-prepared CuO nano�uid, of an average
particle size of 60 nm and 0.01 wt% nanoparticle concentra-
tion, without the addition of any dispersant. �e suspensions
were prepared using a vacuum arc spray nano�uid synthe-
sis system (ASNSS) combined with an ultrasonic vibrator.
�e prepared nano�uids pH were adjusted to a range of
values between 4 and 13 by adding NaOH or HCl to the
solutions. Di
erent lengths of settling time, average particle
size, and zeta potential of the nano�uids were observed for
7, 30, 90, and 180 days. �ey concluded that their nano�uid
can maintain its stability for more than 6 months once it
achieved a zeta potential value above 30mV. Song et al. [171]
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Figure 18: Nano�uid thermophysical properties.

explored the possibility of stabilizing stainless steel (SS) 316L,
of 70 nm particle size, dispersed in water with SDS and
SDBS surfactants. �e pH values used in their experiment
were 8.0, 9.0, 10.0, 11.0, and 12.6. �ey used �ve methods
to determine the stability and durability of their prepared
nano�uids, namely, (1) transmission electron microscope
(TEM) observation, (2) sedimentation observation, (3) zeta
potential measurement, (4) particle size distribution mea-
surement, and (5) absorbance measurement. �e results of
the long-term stability showed that the prepared nano�uids
of pH 11 lasted for 10 days, pH 10 lasted for 3 days, and those
of lower pH value completely settled in less than a day. As
for the sample of pH 12.6, it experienced an excess amount of
OH− ions which caused the electrostatic stability of the �uid
to be disrupted and settle rapidly.

Our review of the available literature quoted above shows
that the pH value of nano�uids has a strong e
ect on their
stability and that the optimum pH value varies between
samples. It also revealed that the pH value is in�uenced by
the nano�uid temperature.

Table 3 summarises some of the available studies, on
water base nano�uids stability measurements and dispersion
improvement, conducted by di
erent researchers. �e types
of nano�uids, parameters used, characterisation technique,
and main �ndings are also shown.

5. Nanofluids Thermophysical Properties

Nano�uids are considered superior to their base�uid, because
a new type of �uid has been formed with a completely
di
erent thermophysical properties such as density, spe-
ci�c heat capacity, thermal conductivity, convective heat
transfer, thermal di
usivity, and viscosity [13]. �e word
“e
ective” is commonly used to describe the thermophys-
ical properties of nano�uids (e.g., e
ective viscosity and
e
ective density). �is is done to di
er between the ther-
mophysical properties of the base�uid and the fabricated
nano�uid. Figure 18 demonstrates the thermophysical prop-
erties of nano�uids which are discussed in more detail
below.

5.1. E�ective Density. �e e
ective density of a nano�uid
can be theoretically calculated through its base�uid density
(�bf ) and nanoparticle density (�np) as it is assumed to be a
mixed property of both, base�uid and nanoparticles [13]. To

determine the nano�uid e
ective density (�nf ), the mixing
theory (1) and (2) is employed [172].

�� = npnp + bf ≈
npbf (1)

�nf = ��.�np + (1 − ��) ⋅ �bf , (2)

where np, bf , and �� are the nanoparticles volume, base-
�uid volume, and particle volumetric fraction, respectively.

�e only constraint to the aforementioned equation (2) is
that it is generally limited to a low �� as illustrated in Vajjha
et al. [173] research �ndings, where they compared between
the theoretical and experimental e
ective density of alumina,
antimony-tin oxide, and zinc oxide nanoparticles dispersed
in 60 : 40 EG/H2O base�uid at a temperature range of 0∘C
to 50∘C. A digital density meter and a circulating �uid tem-
perature bath were used to experimentally measure e
ective
density of the 1, 2, 4, 6, 8, and 10 vol% alumina nano�uids; 1, 2,
4, and 5.88 vol% antimony-tin oxide nano�uids; and 1, 2, 3, 4,
5, 6, and 7 vol% zinc oxide nano�uids.�e ranges of deviation
percentage between the measurements and (2) were found
to be −0.7897–1.1854 (alumina nano�uids), 0.1116–1.2073
(antimony-tin oxide nano�uids), and −7.0736–−1.3591 (zinc
oxide nano�uids). From the previous comparison, it can
be concluded that (2) has a good prediction of e
ective
density for some types of nano�uids with di
erent particle
concentrations but ismore accurately used toward nano�uids
of low vol%.

�ere were few attempts undertaken to measure the
density of nano�uids experimentally, as the majority of
researchers tend to use the mixing theory in order to predict
its value [152, 174–210]. Sommers and Yerkes [211] measured
the e
ective density of alumina/propanol nano�uid, of 10 ±5 nm average particles size and 0–4wt% concentration, at
room temperature using two ways: (1) hydrometer and(2) weighting a sample, of known volume, with a high
precision balance (±0.001 g). �e two measuring methods,
at nanoparticles concentrations ≤ 4wt%, were found to be
98.2% agreeable to each other. Ho et al. [212] used a density

meter, of 5 ± 10−5 g/cm3 accuracy, to measure the e
ective
density of alumina nano�uids at a temperature range between
10∘C and 40∘C with 0, 0.1, 0.3, 1.0, 2.0, 3.0, and 4 vol%
nano�uids samples. It was reported that the experimental
results compiled well with (2) and that the density of alumina
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Figure 19: Comparison between theoretically calculated e
ective density (2) and measured data [13]. �e dashed line refers to the margin of
error (±1% margin of error).

particles was less sensitive to the temperature variation in
comparison with the base�uid. Eggers and Kabelac [13]
measured the e
ective density of Ag/H2O and Ti/H2O
nano�uids, by a pycnometer, and used (2) to compare its
outcomes with their measurements and other published
experimental data as seen in Figure 19. �e dashed line in
the �gure represents a perfect �t to (2) and the two parallel
lines show a ±1% deviation to its value. It can be concluded
that the mixing theory complied very well with the published
data, indicating a reliable prediction to the e
ective density
value within the margin of error.

�ere are limited number of correlations available, for
the e
ective density of nano�uid, that takes into account
the particle size and shape, nano�uid temperature, added
surfactant, and the nanolayer between the particles and the
base�uid e
ect [213, 214]. Hence more work is needed in this
area to insure a much accurate prediction of the e
ective
density at higher particles concentrations.

5.2. E�ective Speci�c Heat. �e e
ective speci�c heat of a
nano�uid (��nf ) is the amount of heat needed to increase the
temperature of one gram of nano�uid by one degree Celsius.
It is a very important property that a
ects the heat transfer
rate of a nano�uid. �ere are two main e
ective speci�c
heat models that were suggested to calculate the e
ective
speci�c heat of nano�uids. �e �rst model was proposed by
Pak and Cho [172], based on the volume concentration of
nanoparticles and the liquid-particle mixture formula.

��nf = �� ⋅ (��)np + (1 − ��) ⋅ (��)bf . (3)

�e second model is the commonly accepted correlation,
which was presented by Xuan and Roetzel [215].

��nf =
(1 − ��) ⋅ (���)bf + �� ⋅ (���)np

�� ⋅ �np + (1 − ��) ⋅ �bf , (4)
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where ��bf and ��np are the speci�c heat capacity of the

base�uid and the speci�c heat capacity of the nanoparticles,
correspondingly.

Zhou and Ni [216] experimentally investigated the e
ec-
tive speci�c heat of Al2O3/DIW suspension, of 45 nm average
particles diameter and 0–21.7 vol%, at a temperature range
between 25∘C and 40∘C. It was found that the prediction of
(4) collapsed well with the experimental data obtained from
the di
erential scanning calorimeter (DSC) and that (3) had
shi	ed largely from these data. For example, at 21.7 vol%,
the e
ective speci�c heat was 1.3% and 3.8% higher when
using (4) and (3), respectively, than the measured values.
Teng and Hung [217] examined the deviation between the
experimental and calculated e
ective speci�c heat of 20 nm
Al2O3 nanoparticle dispersed in H2O. �e nano�uids were
fabricated at 0.5, 1.0, and 1.5 wt% of nanoparticles and 0.2wt%
added chitosan as surfactant using the single-step approach.
A DSC device was used, at a temperature range of 25∘C to
65∘C, tomeasure the e
ective speci�c heat of the samples and
then compare them to the calculated results from (3) and (4).
It was found that the theoretical calculation using (3) was able
to predict the e
ective speci�c heat of the 0.5 wt% samples but
had a large overestimation in its value with the 1.0 wt% and
1.5 wt% nano�uids, which suggest that (3) is more suitable
to be employed toward suspensions of low concentrations.
Moreover, (4) had underestimated the e
ective speci�c heat
value of the 0.5 wt% suspension and overpredicted it with
the 1.0 wt% and 1.5 wt% samples. �e reported deviations
between the experimental data and the two equations were
in the range of −0.07% to 5.88% and −0.35% to 4.94%
for (3) and (4), respectively. Kulkarni et al. [218] used a
self-designed speci�c heat measuring device to obtain the
e
ective speci�c heat of 45 nm alumina particles dispersed as
2, 4, and 6 vol% into an equal quantity of EG/DIW mixture.
Comparing (3) and (4) to their experimental data, obtained
at a temperature range of 25∘C to 70∘C, they discovered that
both equations have failed to predict the e
ective speci�c
heat, with (4) having less deviation to the measured data
than (3). In addition, it was concluded that (1) the e
ective
speci�c heat of the dispersion decreases as the concentration
of nanoparticles increases and (2) the e
ective speci�c heat
of nano�uids increases with the rise in temperature. Eggers
and Kabelac [13] evaluated (4) performance with their DSC
measured e
ective speci�c heat of TiN/H2O and Ag/H2O
nano�uids and other published data. Figure 20 illustrates the
theoretical and experimental comparison, where the dashed
line shows a perfect �t to (4) and the twoparallel lines indicate
a ±5% deviation from it. One can conclude from Figure 20
that the model can predict the e
ective speci�c heat value of
nano�uids well within the ±5% margin.

From the previous studies, it can be noticed that there are
few published works on e
ective speci�c heat of nano�uids;
hence more work is needed to narrow the gap of knowledge
in this area. In addition, nanoparticles size and concentration,
nano�uid temperature, and base�uid type have been shown
to strongly in�uence the e
ective speci�c heat of nano�uids
which was also pointed out by Sekhar and Sharma [219].
Other e
ective speci�c heat models that contain correction

Table 4: Commonly used nanoparticles thermal conductivities [51].

Material �ermal conductivity (W/mK)

Al2O3 40

CuO 76.5

Fe2O3 6

MgO 54.9

SiO2 1.34–1.38

TiO2 8.4

ZnO 29

Ag 429

Al 238–273

Au 310

Cu 401

Fe 75–80

MWCNTs 2000–3000

Table 5: Commonly used base�uids thermal conductivities [51].

Fluid �ermal conductivity (W/mK)

EG 40

Ethylene oxide 76.5

Ethanol 6

Glycerol 54.9

Kerosene 1.34–1.38

Toluene 8.4

Water 29

factors to compensate for the over/underestimation of the
results or were designed for certain testing conditions can be
found in the following literatures [219–225].

5.3. E�ective ermal Conductivity. One of the main driving
forces behind the concept of nano�uids is the enhancement
of the thermal conductivity compared to conventional �uids,
which has a positive e
ect on the �uid convective heat trans-
fer. Adding nanoparticles to a conventional �uid improves its
thermal conductivity, if the added nanoparticles had a higher
thermal conductivity than its base�uid. Some of the most
common nanoparticles and base�uids thermal conductivities
are shown in Tables 4 and 5, respectively.

�is increase in e
ective thermal conductivity can be
linked to di
erent factors such as the Brownian motion
(Figure 21(a)) which is the core mechanism controlling the
thermal behaviour of �uid-nanoparticles dispersion.Another
reason is the liquid molecules surrounding the nanoparticles
into forming layered structures, known as the nanolayer
(Figure 21(b)). �ese layered structures are considered as a
thermal bridge between the bulk liquid and the nanoparticles
and hence increase the thermal conductivity of the nano�uid
[56]. In addition, the heat in the crystalline solids is carried
by phonons that are formed randomly, propagate in ran-
dom direction, and are scattered via defects or by colliding
each other [226–228]. Moreover, clustering of particles was
found to in�uence the e
ective thermal conductivity [228].
�is is due to the creation of localized particle-rich zones,
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Figure 20: Comparison between theoretically calculated e
ective speci�c heat (4) and measured data [13]. �e dashed line refers to the
margin of error (±5% margin of error).

caused from particles agglomerations settling, which have
less thermal resistance to heat �ow. It was also reported
that thermophoresis (also called thermodi
usion, thermomi-
gration, the Ludwig-Soret e
ect, or the Sort e
ect), which
is a phenomenon exhibited in a mixture of particles that

tends to response di
erently to the force of a temperature
gradient, can in�uence the e
ective thermal conductivity
of nano�uids at high temperatures, but such theory was
never proven by any of the published literature up to now
[229, 230].
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Figure 21: (a) Nanoparticles Brownian motion and (b) nano�uid structure containing bulk �uid, nanoparticles, and nanolayers at the
liquid/solid interface [82].

Many experimental and theoretical work have been
carried out to investigate the changes in nano�uids thermal
conductivity. Maxwell model (5), which was developed in
1881, was the �rst correlation used to predict the e
ective
thermal conductivity (�nf ) of solid-liquid dispersion, using
the thermal conductivities of both nanoparticles (�np) and
base�uid (�bf ) [231].

�nf = �bf ⋅ �np + 2 ⋅ �bf + 2 ⋅ (�np − �bf) ⋅ ��
�np + 2 ⋅ �bf − (�np − �bf) ⋅ �� . (5)

�e model considers the two phases (solid and liquid) of
the nano�uid and satisfactorily predicts the e
ective thermal
conductivity of nano�uids when the added particles are of
spherical shape, low vol%, and the suspension is at ambient
conditions. Bruggeman [232] a	erwards proposed, in 1935,
an implicit model (6) of the e
ective thermal conductivity
which can analyse the interactions between randomly dis-
tributed particles.

[( �np − �nf�np + 2�nf

) ⋅ �� + (1 − ��) (�bf − 2�nf�bf + 2�nf

)] = 0. (6)

Bruggeman model can be applied to suspensions fabricated
from particles of spherical shape at any concentration, where,
for low vol%, (6) gave almost the same results as (5).

Equation (5) was modi�ed several times in an attempt to
improve the accuracy of the predicted results by taking into
consideration di
erent e
ects such as the Brownian motion,
surface charge, liquid-particle interface layer, particle cluster-
ing, and ballistic phonon transport. However, factors such
as convection induced by electrophoresis, particle driven
natural convection, thermophoresis, and others are still not
considered but need to be encountered for better estimation
of the e
ective thermal conductivity. Examples of some of
the developed correlations with their remarks can be seen in
Table 6 and additional models can be found at the following
published literatures [230, 233–251].

Experimental measurements of nano�uids e
ective ther-
mal conductivity were performed by several researchers
using transient hot-wire method (low cost and easy to use,
where the measurements are based on Fourier’s law and
the e
ective thermal conductivity reported to be of 5%

uncertainty) [252–254], 3� method (which uses frequency
dependence of temperature oscillation to measure the ther-
mal conductivity) [76, 255, 256], temperature oscillation
method (based on the oscillation method and requiring the
measurement of the temperature response of the sample)
[59, 257], thermal constants analyser (easy to perform, very
fast, and able to measure thermal conductivity in the range of
0.02–200W/m⋅K) [258], steady-state parallel-plate technique
(which uses the one-dimensional heat conduction equation
in its calculation), micro-hot strip method (signi�cantly low
measurement time and much accurate than the hot-wire
method), and optical beam de�ection technique (self-built
device which requires long measurement time and can only
predict the thermal conductivity at ∼100 vol% accurately)
[114, 259, 260]. Among all the aforementioned techniques,
the thermal constant analyser has been the most favourable
method used by many researchers.

5.4. ermal Di�usivity. Very few published papers have
considered the e
ective thermal di
usivity of nano�uids
(�nf ) [13], which can be theoretically calculated using the
following equation.

�nf = �nf�nf ⋅ ��nf . (7)

Experimental measurement of the e
ective thermal di
usiv-
ity can be achieved using the transient hot disk system, which
is a robust and rapid thermal characterisation system [261],
Laser Flash method [262], a temperature controlled photoa-
coustic device developed by Agresti et al. [263], thermal-
wave cavity technique, hot-wire method, and temperature
oscillation method [264–266]. �e thermal lens method is
a sensitive technique used to measure the absolute thermal
di
usivity value of liquids. �is method is favourable due to
its ultrahigh sensitivity, small volume of sample requirement,
and its dependence on solvent thermo-optical properties
[267, 268]. Murshed et al. [269] reported the enhancement
in e
ective thermal di
usivity of nano�uids experimentally
and found that they exceeded those calculated by (7). It
should be pointed out that they used measured values in
calculating the e
ective thermal di
usivity. Zhang et al. [270]
have reported a 5% error in the e
ective thermal di
usivity
measurement using the hot-wire technique. Agresti et al.
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[263] pointed in their article that measuring techniques such
as the laser �ash and hot disk methods are more suitable
for solids and powders and that the implementation of these
two techniques are very complicated in comparison to the
photoacustic approach. To the best of our knowledge and
from reviewingmany literature, there exists only one e
ective
thermal di
usivity theoretical model (Eq. (7)), which is
currently being used. �is gap of knowledge needs to be
encountered for in order to gain better prediction of the
theoretical values with the experimental results.

5.5. E�ective Viscosity. Nano�uid viscosity is a measure of
the tendency of the suspension to resist the �ow. It can also
be de�ned as the ratio of the shear stress to the shear rate.
�e bene�t associated with nano�uids heat enhancement is
counteracted by the rise in e
ective viscosity caused from
the added nanoparticles in the base�uid. �is increase in
viscosity leads to higher pressure losses and hence elevates
the pumping power demands. �e main parameters that
in�uence the e
ective viscosity are the base�uid viscosity,
nanoparticles concentration, particle shape, particle diam-
eter, particles type, temperature, pressure, pH value, and
shear rate [13]. Phenomenological hydrodynamic equations
were the �rst attempts used, by Einstein, to calculate the
e
ective viscosity of suspensions of spherical solids [271, 272].
Driven from the base�uid viscosity (�bf ) and ��, the Einstein
e
ective viscosity (�nf ) equation is given as

�nf = �bf ⋅ (1 + 2.5��) . (8)

�e viscosity of �nf is always greater than �bf and depends
only on �� of the particles dispersed. Comparison between
(8) and experimental data has shown that the equation can
be used to predict the e
ective viscosity of nano�uids with

vol% ≤ 10−2. At a particle concentration of 10–15 vol%, the
interaction between the particles becomes more in�uential.
For such reason, (8) had been modi�ed continuously in
an attempt to develop a much accurate e
ective viscosity
correlation. �e e
ective viscosity was also modi�ed to
represent a linear relation [273] as seen in (9), where � is a
coecient that varies, based on the nano�uid, from 4.3 to 22.

�nf = �bf ⋅ (1+ � ��) . (9)

�e results of (9) were found to be several times higher than
the ones predicted by (8). Many other correlations were then
developed to determine the e
ective viscosity of nano�uids,
which can be found published [274, 275]. Unlike the e
ective
density and the e
ective speci�c heat correlations, which
are widely accepted by researchers, e
ective viscosity is
considered to be one of the intensely discussed �elds of
research [82]. �is is because several parameters a
ect the
nano�uid e
ective viscosity such as particle size, particle
shape, particle concentration, base�uid type, and nano�uid
temperature. �e e
ect of the particle size was �rst found
by molecular dynamic simulation [276]. It was discovered
that nano�uids, of particle size 1-2 nm, had a reduction in
their e
ective viscosity with the increase in nanoparticle size,
which was also con�rmed experimentally by Namburu et al.
[277].

Up to now, the Einstein equation can be assumed to be
the only available universal correlation that can predict the
e
ective viscosity of nano�uids of low concentration [273].
In addition, the best available model, based on a committee
machine intelligent system (CMIS), is the one developed by
Hemmati-Sarapardeh et al. [275], which had approximately
4% relative error. Instruments used to determine the e
ective
viscosity of nano�uids are capillary viscometer, piston type
rheometer, and rotational rheometer.

6. Challenges of Nanofluids
and Future Direction

Nano�uids have been shown to be superior, as a HTF,
to conventional known �uids available in the market. In
order to commercialise such type of advanced �uids, some
factors are required to be improved and better understood
by researchers. Examples of these factors are listed below
[13, 26, 82, 99, 106, 213]:

(i) Experimental investigations of nano�uids need to
be optimised with respect to stability, preparation
technique, temperature, particle size, particle shape,
and particles type.

(ii) �e right ratio of nanoparticles to base�uid should be
found to obtain the highest e
ective thermal conduc-
tivity as well as the lowest possible e
ective viscosity
from the fabricated nano�uid. �is is important to
meet the applications of heat transfer and overcome
the pressure drop in the system.

(iii) Additional research inputs are needed to develop
much precise correlations, which can predict the
changes in nano�uids pH value caused by tempera-
ture, particle concentration, type of base�uid, and so
forth, since this a
ects the stability and thermophysi-
cal properties of nano�uids.

(iv) Several studies have considered the fouling e
ect
of nano�uids in a thermal aspect but, to the best
of our knowledge, have ignored their in�uence on
the dynamics of the �uid. �ough, if fully deposited
on the inner pipe surface, it can provide similar
wettability properties as nanocoating.

�e aforementioned challenges need to be focused on and
tackled by researches so that commercialisation of nano�uids
can be possible.

7. Conclusion

�e types of nano�uids, preparation approaches, �uid stabil-
ity, and stability enhancement have been reviewed.�e article
also extends to the thermophysical properties of nano�uids,
covering both the theoretical and experimental aspects.
According to literature, several studies have discussed the
potential of enhancing heat transfer using nano�uids and
how the stability of a nano�uid a
ects its thermophysical
properties. It was also pointed out that the stability of
a nano�uid gets a
ected by a range of factors, such as
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preparation technique, pH value, nanoparticle concentration,
particles type, particle shape, particle size, and �uid temper-
ature.

To the best of our knowledge, in all the literature re-
lated to using nano�uids, no existing work related to con-
trolling the temperature of the �uid while fabricating the
nano�uid using an ultrasonicator has been reported. �is
preparation approach is very important as it can result in a
completely di
erent pH values, settling behaviour, particles
agglomeration, and thermophysical properties. Additionally,
using an ultrasonic device, for fabricating nano�uids, will
increase the temperature of the �uid gradually but is strongly
a
ected by the ambient temperature where the sample is
prepared, meaning that various locations or di
erent weather
conditions will most likely result in producing a diverse
nano�uid.

In addition, one can conclude from the literature that the
major drawback of using such type of �uids is the rise in
pressure losses in piping systems caused from the increase
in viscosity of nano�uids. �is increase in viscosity leads to
a higher shear stress between the �uid and the surrounding
surface. Moreover, the nanoparticles hosted by the �uid are
most likely to deposit on the inner surface of the pipe when
used in elevated temperature applications, causing what is
known as the fouling e
ect.�e deposited layer or foul would
act similarly as inner pipe coating with nanoparticles (i.e.,
nanocoating) since the foul is formed from nanoparticles
that were hosted by the carrier �uid itself. It was reported,
by a number of authors, that nanocoating has the advantage
of reducing the surface roughness which strongly in�uences
the shear stress between the surface and the �uid [278].
�erefore, examining the wettability e
ect of nanoparticles
of similar material type to the inner pipes can be very
promising in encountering the pressure losses problem, while
maintaining the thermal performance of the system.
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[4] K. Uebel, P. Rossger, U. Prüfert, A. Richter, and B. Meyer, “A
new CO conversion quench reactor design,” Fuel Processing
Technology, vol. 148, pp. 198–208, 2016.

[5] S.U. S. Choi and J. A. Eastman,Enhancingermal Conductivity
of Fluids with Nanoparticles, Argonne National Lab., 1995.

[6] M. Hashemian, S. Jafarmadar, J. Nasiri, and H. Sadighi Dizaji,
“Enhancement of heat transfer rate with structuralmodi�cation
of double pipe heat exchanger by changing cylindrical form of
tubes into conical form,” Applied ermal Engineering, vol. 118,
pp. 408–417, 2017.

[7] J. C. Maxwell, A Treatise on Electricity and Magnetism, Claren-
don Press, Oxford, UK, 1891.

[8] S. U. S. Choi, Y. I. Cho, and K. E. Kasza, “Degradation e
ects of
dilute polymer solutions on turbulent friction and heat transfer
behavior,” Journal of Non-Newtonian Fluid Mechanics, vol. 41,
no. 3, pp. 289–307, 1992.

[9] U. Choi, D. M. France, and B. D. Knodel, “Impact of advanced
�uids on costs of district cooling systems,” in Argonne National
Lab, 1992.

[10] U. Choi and T. Tran, “Experimental studies of the e
ects of
non-Newtonian surfactant solutions on the performance of a
shell-and-tube heat exchanger,” in Recent Developments in Non-
Newtonian Flows and Industrial Applications, �e American
Society of Mechanical Engineers, New York, NY, USA, 1991.

[11] K. Liu, U. Choi, and K. E. Kasza,Measurements of Pressure Drop
AndHeat Transfer in Turbulent Pipe Flows of Particulate Slurries,
Argonne National Lab., 1988.

[12] Y. Xuan and Q. Li, “Heat transfer enhancement of nano�uids,”
International Journal of Heat and Fluid Flow, vol. 21, no. 1, pp.
58–64, 2000.

[13] J. R. Eggers and S. Kabelac, “Nano�uids revisited,” Applied
ermal Engineering, vol. 106, pp. 1114–1126, 2016.

[14] Z.-Q. Liu, J. Ma, and Y.-H. Cui, “Carbon nanotube supported
platinum catalysts for the ozonation of oxalic acid in aqueous
solutions,” Carbon, vol. 46, no. 6, pp. 890–897, 2008.

[15] L. Jiang, L. Gao, and J. Sun, “Production of aqueous colloidal
dispersions of carbon nanotubes,” Journal of Colloid and Inter-
face Science, vol. 260, no. 1, pp. 89–94, 2003.

[16] H.Chang, Y.Wu,X.Chen, andM.Kao, “Fabrication ofCubased
nano�uid with superior dispersion,” National Taipei University
of Technology Journal, vol. 5, pp. 201–208, 2000.

[17] M. Sato, Y. Abe, Y. Urita, R. Di Paola, A. Cecere, and R.
Savino, “�ermal performance of self-rewetting �uid heat pipe
containing dilute solutions of polymer-capped silver nanopar-
ticles synthesized by microwave-polyol process,” International
Journal of Transport Phenomena, vol. 12, no. 3/4, pp. 339–345,
2011.

[18] Y. Hwang, J. K. Lee, C. H. Lee et al., “Stability and thermal con-
ductivity characteristics of nano�uids,” ermochimica Acta,
vol. 455, no. 1-2, pp. 70–74, 2007.

[19] M. N. Pantzali, A. A. Mouza, and S. V. Paras, “Investigating
the ecacy of nano�uids as coolants in plate heat exchangers
(PHE),” Chemical Engineering Science, vol. 64, no. 14, pp. 3290–
3300, 2009.



Journal of Nanomaterials 25

[20] M. Chandrasekar, S. Suresh, and A. C. Bose, “Experimental
investigations and theoretical determination of thermal con-
ductivity and viscosity of Al2O3/water nano�uid,” Experimental
ermal and Fluid Science, vol. 34, no. 2, pp. 210–216, 2010.

[21] Y. Hwang, J.-K. Lee, J.-K. Lee et al., “Production and dispersion
stability of nanoparticles in nano�uids,” Powder Technology, vol.
186, no. 2, pp. 145–153, 2008.

[22] W. Yu, H. Xie, L. Chen, and Y. Li, “Enhancement of thermal
conductivity of kerosene-based Fe3O4 nano�uids prepared via
phase-transfer method,” Colloids and Surfaces A: Physicochemi-
cal and Engineering Aspects, vol. 355, no. 1–3, pp. 109–113, 2010.

[23] L. Kong, J. Sun, and Y. Bao, “Preparation, characterization and
tribological mechanism of nano�uids,”RSCAdvances, vol. 7, no.
21, pp. 12599–12609, 2017.

[24] X. F. Li, D. S. Zhu, X. J. Wang, N. Wang, J. W. Gao, and H.
Li, “�ermal conductivity enhancement dependent pH and
chemical surfactant for Cu-H2O nano�uids,” ermochimica
Acta, vol. 469, no. 1-2, pp. 98–103, 2008.

[25] I. Madni, C.-Y. Hwang, S.-D. Park, Y.-H. Choa, and H.-T. Kim,
“Mixed surfactant system for stable suspension of multiwalled
carbon nanotubes,” Colloids and Surfaces A: Physicochemical
and Engineering Aspects, vol. 358, no. 1-3, pp. 101–107, 2010.

[26] D. Dey, P. Kumar, and S. Samantaray, “A review of nano�uid
preparation, stability, and thermo-physical properties,” Heat
Transfer - Asian Research, vol. 46, no. 8, pp. 1413–1442, 2017.

[27] X. Li, D. Zhu, and X.Wang, “Evaluation on dispersion behavior
of the aqueous copper nano-suspensions,” Journal of Colloid and
Interface Science, vol. 310, no. 2, pp. 456–463, 2007.

[28] H. J. Kim, I. C. Bang, and J. Onoe, “Characteristic stability of
bare Au-water nano�uids fabricated by pulsed laser ablation in
liquids,”Optics and Lasers in Engineering, vol. 47, no. 5, pp. 532–
538, 2009.

[29] G. Paul, S. Sarkar, T. Pal, P. K. Das, and I. Manna, “Concentra-
tion and size dependence of nano-silver dispersed water based
nano�uids,” Journal of Colloid and Interface Science, vol. 371, no.
1, pp. 20–27, 2012.

[30] J. Qu, H.-Y. Wu, and P. Cheng, “�ermal performance of an
oscillating heat pipe with Al2O3-water nano�uids,” Interna-
tional Communications in Heat and Mass Transfer, vol. 37, no.
2, pp. 111–115, 2010.

[31] K. B. Anoop, T. Sundararajan, and S. K. Das, “E
ect of
particle size on the convective heat transfer in nano�uid in
the developing region,” International Journal of Heat and Mass
Transfer, vol. 52, no. 9-10, pp. 2189–2195, 2009.

[32] K. Rohini Priya, K. S. Suganthi, and K. S. Rajan, “Transport
properties of ultra-low concentration CuO-water nano�uids
containing non-spherical nanoparticles,” International Journal
ofHeat andMass Transfer, vol. 55, no. 17-18, pp. 4734–4743, 2012.

[33] M. H. Chang, H. S. Liu, and C. Y. Tai, “Preparation of copper
oxide nanoparticles and its application in nano�uid,” Powder
Technology, vol. 207, no. 1–3, pp. 378–386, 2011.

[34] Z.-H. Liu, J.-G. Xiong, and R. Bao, “Boiling heat transfer
characteristics of nano�uids in a �at heat pipe evaporator
with micro-grooved heating surface,” International Journal of
Multiphase Flow, vol. 33, no. 12, pp. 1284–1295, 2007.

[35] X.-F. Yang and Z.-H. Liu, “Pool boiling heat transfer of
functionalized nano�uid under sub-atmospheric pressures,”
International Journal of ermal Sciences, vol. 50, no. 12, pp.
2402–2412, 2011.

[36] J. Qu and H. Wu, “�ermal performance comparison of oscil-
lating heat pipes with SiO 2/water andAl2O3/water nano�uids,”

International Journal of ermal Sciences, vol. 50, no. 10, pp.
1954–1962, 2011.

[37] K. S. Suganthi and K. S. Rajan, “Temperature induced changes
in ZnO-water nano�uid: Zeta potential, size distribution and
viscosity pro�les,” International Journal of Heat and Mass
Transfer, vol. 55, no. 25-26, pp. 7969–7980, 2012.

[38] W. Duangthongsuk and S. Wongwises, “An experimental study
on the heat transfer performance and pressure drop of TiO2-
water nano�uids �owing under a turbulent �ow regime,”
International Journal of Heat andMass Transfer, vol. 53, no. 1–3,
pp. 334–344, 2010.

[39] M.Hari, S. A. Joseph, S.Mathew, B. Nithyaja, V. P. N. Nampoori,
and P. Radhakrishnan, “�ermal di
usivity of nano�uids com-
posed of rod-shaped silver nanoparticles,” International Journal
of ermal Sciences, vol. 64, pp. 188–194, 2013.

[40] M. Kole and T. K. Dey, “�ermal performance of screen mesh
wick heat pipes using water-based copper nano�uids,” Applied
ermal Engineering, vol. 50, no. 1, pp. 763–770, 2013.

[41] R. Kathiravan, R. Kumar, A. Gupta, and R. Chandra, “Prepa-
ration and pool boiling characteristics of copper nano�uids
over a �at plate heater,” International Journal of Heat and Mass
Transfer, vol. 53, no. 9-10, pp. 1673–1681, 2010.

[42] T. Youse�, E. Shojaeizadeh, F. Veysi, and S. Zinadini, “An
experimental investigation on the e
ect of pH variation of
MWCNT-H2O nano�uid on the eciency of a �at-plate solar
collector,” Solar Energy, vol. 86, no. 2, pp. 771–779, 2012.

[43] P. Garg, J. L. Alvarado, C. Marsh, T. A. Carlson, D. A. Kessler,
andK.Annamalai, “An experimental study on the e
ect of ultra-
sonication on viscosity and heat transfer performance of multi-
wall carbon nanotube-based aqueous nano�uids,” International
Journal of Heat and Mass Transfer, vol. 52, no. 21-22, pp. 5090–
5101, 2009.

[44] Y. Ding, H. Alias, D. Wen, and R. A. Williams, “Heat transfer of
aqueous suspensions of carbon nanotubes (CNT nano�uids),”
International Journal of Heat and Mass Transfer, vol. 49, no. 1-2,
pp. 240–250, 2006.

[45] M. Abareshi, E. K. Goharshadi, S. Mojtaba Zebarjad, H. Khan-
dan Fadafan, andA.Yousse�, “Fabrication, characterization and
measurement of thermal conductivity of Fe3O4 nano�uids,”
Journal of Magnetism and Magnetic Materials, vol. 322, no. 24,
pp. 3895–3901, 2010.

[46] T. X. Phuoc, Y. Soong, and M. K. Chyu, “Synthesis of Ag-
deionized water nano�uids using multi-beam laser ablation in
liquids,” Optics and Lasers in Engineering, vol. 45, no. 12, pp.
1099–1106, 2007.

[47] T. Parametthanuwat, S. Rittidech, and A. Pattiya, “A correlation
to predict heat-transfer rates of a two-phase closed ther-
mosyphon (TPCT) using silver nano�uid at normal operating
conditions,” International Journal of Heat and Mass Transfer,
vol. 53, no. 21-22, pp. 4960–4965, 2010.

[48] T. Youse�, F. Veysi, E. Shojaeizadeh, and S. Zinadini, “An exper-
imental investigation on the e
ect of Al2O3-H2O nano�uid on
the eciency of �at-plate solar collectors,” Journal of Renewable
Energy, vol. 39, no. 1, pp. 293–298, 2012.

[49] Y.-H. Hung, T.-P. Teng, and B.-G. Lin, “Evaluation of the
thermal performance of a heat pipe using alumina nano�uids,”
Experimental ermal and Fluid Science, vol. 44, pp. 504–511,
2013.

[50] M. M. Heyhat, F. Kowsary, A. M. Rashidi, M. H. Momenpour,
and A. Amrollahi, “Experimental investigation of laminar
convective heat transfer and pressure drop of water-based



26 Journal of Nanomaterials

Al2O3 nano�uids in fully developed �ow regime,” Experimental
ermal and Fluid Science, vol. 44, pp. 483–489, 2013.

[51] M. M. Taw�k, “Experimental studies of nano�uid thermal con-
ductivity enhancement and applications: A review,” Renewable
& Sustainable Energy Reviews, vol. 75, pp. 1239–1253, 2017.

[52] R. L. Hamilton andO. K. Crosser, “�ermal conductivity of het-
erogeneous two-component systems,” Industrial & Engineering
Chemistry Fundamentals, vol. 1, no. 3, pp. 187–191, 1962.

[53] E. J. Wasp, J. P. Kenny, and R. L. Gandhi, Solid–Liquid
Flow: Slurry Pipeline Transportation, Pumps, valves, mechanical
equipment, economics, 1977.

[54] W. Yu and S. U. S. Choi, “�e role of interfacial layers in
the enhanced thermal conductivity of nano�uids: A renovated
Maxwellmodel,” Journal of Nanoparticle Research, vol. 5, no. 1-2,
pp. 167–171, 2003.

[55] Y. Xuan, Q. Li, and W. Hu, “Aggregation structure and thermal
conductivity of nano�uids,” AIChE Journal, vol. 49, no. 4, pp.
1038–1043, 2003.

[56] P. Keblinski, J. A. Eastman, and D. G. Cahill, “Nano�uids for
thermal transport,” Materials Today, vol. 8, no. 6, pp. 36–44,
2005.

[57] R. S. Vajjha and D. K. Das, “Experimental determination of
thermal conductivity of three nano�uids and development
of new correlations,” International Journal of Heat and Mass
Transfer, vol. 52, no. 21-22, pp. 4675–4682, 2009.

[58] J. Koo and C. Kleinstreuer, “A new thermal conductivity model
for nano�uids,” Journal of Nanoparticle Research, vol. 6, no. 6,
pp. 577–588, 2004.

[59] S. K. Das, N. Putra, P. �iesen, and W. Roetzel, “Temperature
dependence of thermal conductivity enhancement for nano�u-
ids,” Journal of Heat Transfer, vol. 125, no. 4, pp. 567–574, 2003.

[60] Q. Xue and W.-M. Xu, “A model of thermal conductivity of
nano�uids with interfacial shells,” Materials Chemistry and
Physics, vol. 90, no. 2-3, pp. 298–301, 2005.

[61] R. Prasher, P. Bhattacharya, and P. E. Phelan, “Brownian-
motion-based convective-conductive model for the e
ective
thermal conductivity of nano�uids,” Journal of Heat Transfer,
vol. 128, no. 6, pp. 588–595, 2006.

[62] S. P. Jang and S. U. S. Choi, “Role of Brownian motion in the
enhanced thermal conductivity of nano�uids,” Applied Physics
Letters, vol. 84, no. 21, pp. 4316–4318, 2004.

[63] K. S. Suganthi and K. S. Rajan, “Metal oxide nano�uids: Review
of formulation, thermo-physical properties, mechanisms, and
heat transfer performance,” Renewable & Sustainable Energy
Reviews, vol. 76, pp. 226–255, 2017.

[64] D. Wen, G. Lin, S. Vafaei, and K. Zhang, “Review of nano�uids
for heat transfer applications,” Particuology, vol. 7, no. 2, pp. 141–
150, 2009.

[65] N. Ali, J. A. Teixeira, A. Addali, F. Al-Zubi, E. Shaban, and I.
Behbehani, “�e e
ect of aluminium nanocoating and water
pH value on the wettability behavior of an aluminium surface,”
Applied Surface Science, vol. 443, pp. 24–30, 2018.

[66] M. Kang, J. W. Lee, and Y. T. Kang, “Reduction of liquid
pumping power by nanoscale surface coating,” International
Journal of Refrigeration, vol. 71, pp. 8–17, 2016.

[67] P. Ganesan, S. M. Vanaki, K. K. �oo, and W. M. Chin, “Air-
side heat transfer characteristics of hydrophobic and super-
hydrophobic �n surfaces in heat exchangers: A review,” Inter-
national Communications in Heat andMass Transfer, vol. 74, pp.
27–35, 2016.

[68] W. Yu andH. Xie, “A review on nano�uids: preparation, stability
mechanisms, and applications,” Journal of Nanomaterials, vol.
2012, Article ID 435873, 17 pages, 2012.

[69] S. Mukherjee, “Preparation and Stability of Nano�uids-A
Review,” IOSR Journal of Mechanical and Civil Engineering, vol.
9, no. 2, pp. 63–69, 2013.

[70] R.Mondragon, J. E. Julia, A. Barba, and J. C. Jarque, “Character-
ization of silica-water nano�uids dispersed with an ultrasound
probe: A study of their physical properties and stability,” Powder
Technology, vol. 224, pp. 138–146, 2012.

[71] D. Wen and Y. Ding, “Formulation of nano�uids for natural
convective heat transfer applications,” International Journal of
Heat and Fluid Flow, vol. 26, no. 6, pp. 855–864, 2005.

[72] M. J. Pastoriza-Gallego, C. Casanova, R. Páramo, B. Barbés,
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[176] F. Selimefendigil, H. F. Öztop, and N. Abu-Hamdeh, “Mixed
convection due to rotating cylinder in an internally heated and
�exible walled cavity �lled with SiO2-water nano�uids: E
ect of
nanoparticle shape,” International Communications in Heat and
Mass Transfer, vol. 71, pp. 9–19, 2016.

[177] Y.-T. Yang, H.-W. Tang, B.-Y. Zeng, and C.-H. Wu, “Numerical
simulation and optimization of turbulent nano�uids in a three-
dimensional rectangular rib-grooved channel,” International
Communications in Heat and Mass Transfer, vol. 66, pp. 71–79,
2015.

[178] B. Sun, W. Lei, and D. Yang, “Flow and convective heat transfer
characteristics of Fe2O3-water nano�uids inside copper tubes,”
International Communications in Heat and Mass Transfer, vol.
64, pp. 21–28, 2015.

[179] B. H. Salman, H. A. Mohammed, and A. S. Kherbeet, “Numer-
ical and experimental investigation of heat transfer enhance-
ment in a microtube using nano�uids,” International Commu-
nications in Heat and Mass Transfer, vol. 59, pp. 88–100, 2014.



30 Journal of Nanomaterials

[180] X. Meng and Y. Li, “Numerical study of natural convection in a
horizontal cylinder �lled with water-based alumina nano�uid,”
Nanoscale Research Letters, vol. 10, no. 1, 2015.

[181] M.Mohammadpourfard, H. Aminfar, andM. Karimi, “Numer-
ical investigation of non-uniform transverse magnetic �eld
e
ects on the swirling �ow boiling of magnetic nano�uid
in annuli,” International Communications in Heat and Mass
Transfer, vol. 75, pp. 240–252, 2016.

[182] U. Akdag, S. Akcay, and D. Demiral, “Heat transfer enhance-
ment with laminar pulsating nano�uid �ow in a wavy channel,”
International Communications in Heat and Mass Transfer, vol.
59, pp. 17–23, 2014.

[183] N. A. Yacob, A. Ishak, I. Pop, and K. Vajravelu, “Boundary layer
�ow past a stretching/shrinking surface beneath an external
uniform shear �ow with a convective surface boundary condi-
tion in a nano�uid,”Nanoscale Research Letters, vol. 6, no. 1, pp.
314–320, 2011.

[184] M.K.Moraveji andR.M.Ardehali, “CFDmodeling (comparing
single and two-phase approaches) on thermal performance of
Al2o3/water nano�uid inmini-channel heat sink,” International
Communications inHeat andMass Transfer, vol. 44, pp. 157–164,
2013.

[185] H. Xu, T. Fan, and I. Pop, “Analysis of mixed convection
�ow of a nano�uid in a vertical channel with the Buongiorno
mathematical model,” International Communications in Heat
and Mass Transfer, vol. 44, pp. 15–22, 2013.

[186] M. Parsazadeh, H. A.Mohammed, and F. Fathinia, “In�uence of
nano�uid on turbulent forced convective �ow in a channel with
detached rib-arrays,” International Communications inHeat and
Mass Transfer, vol. 46, pp. 97–105, 2013.

[187] M. Sheikholeslami, M. Gorji-Bandpay, and D. D. Ganji, “Mag-
netic �eld e
ects on natural convection around a horizontal cir-
cular cylinder inside a square enclosure �lled with nano�uid,”
International Communications in Heat and Mass Transfer, vol.
39, no. 7, pp. 978–986, 2012.

[188] A. M. Rashad, M. M. Rashidi, G. Lorenzini, S. E. Ahmed,
and A. M. Aly, “Magnetic �eld and internal heat generation
e
ects on the free convection in a rectangular cavity �lled
with a porous medium saturated with Cu–water nano�uid,”
International Journal of Heat and Mass Transfer, vol. 104, pp.
878–889, 2017.

[189] K. Y. Leong, R. Saidur, M. Khairulmaini, Z. Michael, and A.
Kamyar, “Heat transfer and entropy analysis of three di
erent
types of heat exchangers operated with nano�uids,” Interna-
tional Communications in Heat and Mass Transfer, vol. 39, no.
6, pp. 838–843, 2012.

[190] M. Shahi, A. H. Mahmoudi, and F. Talebi, “Numerical sim-
ulation of steady natural convection heat transfer in a 3-
dimensional single-ended tube subjected to a nano�uid,” Inter-
national Communications in Heat andMass Transfer, vol. 37, no.
10, pp. 1535–1545, 2010.

[191] O. Gha
ari, A. Behzadmehr, and H. Ajam, “Turbulent mixed
convection of a nano�uid in a horizontal curved tube using
a two-phase approach,” International Communications in Heat
and Mass Transfer, vol. 37, no. 10, pp. 1551–1558, 2010.

[192] O. Manca, P. Mesolella, S. Nardini, and D. Ricci, “Numeri-
cal study of a con�ned slot impinging jet with nano�uids,”
Nanoscale Research Letters, vol. 6, no. 1, pp. X1–16, 2011.

[193] M. Rostamani, S. F. Hosseinizadeh, M. Gorji, and J. M. Kho-
dadadi, “Numerical study of turbulent forced convection �ow
of nano�uids in a long horizontal duct considering variable

properties,” International Communications in Heat and Mass
Transfer, vol. 37, no. 10, pp. 1426–1431, 2010.
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