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H I G H L I G H T S

• Stability of nanofluid is a critical factor which influences its applicability.

• Significant research gap exists in implementation of different stabilization techniques.

• Wall effect on stability should be considered in microfluidics and porous media application.

• Salinity effect must be considered for EOR application of nanofluid.

• More studies on hybrid nanofluid stability and quantum dots are warranted.
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A B S T R A C T

Nanofluid is a suspension of nanoparticles (at least one dimension less than 100 nm) in a basefluid having
superior thermal, rheological and wettability properties, which improves the performance of several applications
i.e. heat transfer, lubrication, drug delivery and enhanced oil recovery etc. However, the critical bottleneck for
widespread use of nanofluid is its stability. The instability of nanofluid leads to reduction in system performance
with passage of time. Addressing the long term stability of nanofluid and its reusability are essential require-
ments for successful industrial use. This article focuses on different aspects of nanofluid stability starting from
the preparation stage till implementation in practical applications. Specific attention has been given on nano-
fluid stability as a function of operating conditions i.e. high temperature, pressure, confinement, composition,
salinity, external magnetic field and shear rate etc. in several applications i.e. heat transfer, microfluidics, lu-
brication, enhanced oil recovery and drag reduction etc. It is expected that the present review will provide
guidance and contribute towards wider adoption of nanofluid in practical applications. Future research on
stability issues related to techno-economic performance, hybrid nanofluid, quantum dot, hybrid stabilization
technique, wall effect in microfluidics and porous media will further enhance the usability of nanofluid in
widespread practical systems.

1. Introduction

Nanofluid is a suspension of nanoparticles (at least one dimension
below 100 nm) in a base-fluid i.e. water, alcohol, oil and refrigerant etc.
In the past three decades, nanofluid has garnered immense attention in
the domain of nanotechnology, thermal engineering and several other
applications. Quantitative evidence of thermal conductivity enhance-
ment and improved heat transfer performance of different nanofluids
has been reported by several researchers [1–5]. Xuan and Li [6] and Yu
et al. [4] reported 78% and 34% increase in thermal conductivity using
Cu-water and Fe3O4–kerosene nanofluid respectively. Similarly, the
drag reduction or lubrication aspects of nanofluid have been reported in
literature [7,8]. Nakhchi et al. [7] observed friction factor reduction by
23.6% using Cu-water nanofluid in a circular pipe. Implementation of

nanofluid has also resulted in enhanced oil recovery (EOR) under saline
environment. Suleimanov et al. [9] reported 12–17% enhancement in
oil recovery using Sodium Dodecyl Benzene Sulphonate (SDBS) stabi-
lized nonferrous metal nanofluid and Zhang et al. [10] reported 33%
increase in EOR using silica nanofluid.

Liquids with suspended particles are prone to destabilization and
form sediments as it is subjected to various forces such as Van der Waal
attractive force, gravitational force, buoyancy force and electrostatic
repulsive force. The Van der Waal attractive force and gravitational
force work against the stability of any colloidal suspension. The func-
tionality and performance of nanofluids (suspension of nanoparticle in
base fluid) for various applications are highly dependent on its stability.
Nanoparticles present in the suspension collide with each other and
induce agglomeration of the suspended particles leading to large cluster
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formation. The tendency of nanoparticles to form cluster in the sus-
pended state leads to destabilization of nanofluid. The nanoparticle
suspension shows agglomeration tendency due to its high surface ac-
tivity. Such agglomeration tendency has to be eliminated for a nano-
fluid to be considered stable. For stability of nanofluid, the nano-
particles suspended in the basefluid (water, oil, alcohol etc.), should not
form large aggregates leading to sedimentation of nanoparticle from the
basefluid. According to DLVO theory, when Van der Waal attractive
potential dominates over electrostatic repulsive potential, particles tend
to agglomerate and eventually lead to sedimentation [11]. The sedi-
mentation of nanoparticles can lead to clogging of microchannel, which
limits the successful operation of the microfluidic device and negate the
beneficial attributes of nanofluid. The thermo-physical properties
(thermal conductivity, viscosity etc.) of nanofluid are dependent on its
stability. Poor stability of nanofluid can hinder its performance in
several applications such as heat exchanger (increase dirt factor), bio-
medical application, enhanced oil recovery etc. Particle aggregation
and sedimentation may also lead to increase in viscosity, pumping cost
and poor thermal properties, which are detrimental for its applicability.
In addition, the operational conditions in practical applications i.e.
temperature, concentration, salinity, shearing and magnetic field can
also adversely influence the stability of nanofluid. Therefore, there is a
need to understand the stability aspect of nanofluid starting from pre-
paration, evaluation, stabilization methods and operational aspects.

Comprehensive review of the nanofluid stability has been carried

out and reported in the following sequence; (a) classification of nano-
fluid, (b) nanofluid preparation method, (c) stability evaluation tech-
niques, (d) stability mechanism, (e) factors responsible for nanofluid
stability, (f) stabilization methods, and (g) operational conditions effect
on stability. There is specific focus on the stability aspect of nanofluid
under different operating conditions i.e. temperature, flow condition,
porosity, salinity, external magnetic field, wall effect, and shearing etc.
The present study emphasizes on identification and explanation of
different factors, which can adversely affect the nanofluid stability i.e.
dielectric constant of basefluid, zeta potential, pH value, size, shape,
and concentration of particle. Instead of overemphasizing on the
thermo-physical aspects of nanofluid, the current review concentrates
on nanofluid stability. Consideration on stability aspects of nanofluid is
expected to improve the wide spread usability of nanofluid.

2. Classification of nanofluid

Based on the types of nanoparticle used for nanofluid synthesis,
nanofluid can be classified into four distinctive categories: (a) metal
based, (b) metal oxide based, (c) carbon based and, (d) hybrid/mixed
metal based. These nanoparticles are suspended in basefluid i.e. water,
methanol, ethylene glycol, kerosene, transformer oil, etc. for the for-
mation of nanofluid. Selection of nanofluid for any application should
consider not only the improvement in its physical properties but also its
stability. A brief summary of each type of nanofluids from stability

Nomenclature

Symbols

A Hamekar constant (J)
Aplate Area of interacting plate (m2)
a Characteristic radius (nm)
as Radius of sphere (nm)
ac Radius of cylinder (nm)
Aλ Spectral absorbance
c Concentration of particle (mole/litre)
D Translational diffusion coefficient
Dp Diameter of particle (nm)
e Single electron charge (C)
GA Gibbs free energy of attraction (J)
GST Gibbs free energy of steric repulsion (J)
GOS Gibbs free energy of osmotic repulsion (J)
GVR Gibbs free energy of volume restraint interaction (J)
I Intensity of laser light beam (cd)
kB Boltzman constant (J/K)
L Length of cylinder (nm)
l Length of light path (cm)
n Number density of ionic species in the solution
RH Hydrodynamic Radius (nm)
S Particle separation distance (nm)
T Absolute temperature (K)
Tλ Spectral transmittance (%)
VA Attractive Interaction Potential (J)
VR Repulsive Interaction Potential (J)
VT Total Interaction Potential (J)
Vt Terminal settling velocity (m/s)
X Distance between axis of rotation and specific location of

the tube inside centrifuge (cm)
Zi Ions valency

Greek Letters

α Absorptivity (mol/cm)

ε Dielectric constant of basefluid
εO Permittivity of vacuum (F/m)
κ Debye length (nm)
φ Surface potential (mV)
μ Viscosity of basefluid (Pa·s)
ρp Density of nanoparticle (kg/m3)
ρo Density of base fluid (kg/m3)
ω Angular velocity of centrifuge (s−1)
ζ Zeta potential (mV)

Abbreviations

AA Acrylic Acid
AFM Atomic Force Microscopy
AMPS 2-Acrylamido-2-Methyl-1-Propanesulfonic Acid
CTAB Cetyl trimethyl ammonium bromide
CTAC Cetrimonium Chloride
DLS Dynamic Light Scattering
DLVO Derjaguin Landau Vewey and Overbeek
DR Drag Reduction
EDL Electrical Double Layer
EOR Enhanced Oil Recovery
FTIR Fourier-Transform Infrared Spectroscopy
GA Gum Arabic
HPMC Hydroxypropylmethylcellulose
IEP Isoelectric Point
LDH Layered Double Hydroxide
MFS Melamine Formaldehyde Sulfonate
MWCNT Multiwall Carbon Nanotube
PVP Polyvinylpyrrolidone
PPF Price Performance Factor
SANSS Submerged Arc Nanoparticle Synthesis System
SDS Sodium Dodecyl Sulphate
SDBS Sodium Dodecyl Benzene Sulphonate
TCR Thermal Conductivity Ratio
TEM Transmittance Electron Microscope
VEROS Vacuum Evaporation on Running Oil Substrate
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perspective are discussed in the following sections.

2.1. Metal based nanofluid

Metallic nanoparticles (Cu, Ag, Au etc.) are suspended in basefluid
to prepare metal based nanofluid. Khoshvaght-Aliabadi et al. [12] in-
vestigated Cu-nanoparticles suspended in water for heat transfer ap-
plications. Li et al. [5] studied the stability and thermal conductivity of
oleic acid coated Ag nanoparticles in oil medium and reported 720 h of
stability duration. Several other researchers have also studied the sta-
bility aspects of metal based nanofluid. Summary on the stability,
particle size and synthesis method of different metal based nanofluids
are reported in Table 1. It is observed that stable metal based nanofluid
can be prepared using two-step method and appropriate stabilizers.

2.2. Metal oxide based nanofluid

The cost of a metallic nanoparticle is the main deterrent behind its
widespread industrial applicability. Metal oxide nanoparticles (TiO2,
Fe3O4, ZnO, Al2O3 etc.) provide an economical alternative. Therefore,
most used type of nanofluid is the metal oxide based nanofluid. Table 1
reports the summary of various studies on the stability of metal oxide
based nanofluids, which demonstrates different range of stability de-
pending on the type of nanofluid and preparation method.

2.3. Carbon based nanofluid

The carbon based nanofluids display significant enhancement in
thermal properties compared to base fluid. However, its high cost limits
widespread commercial use. Bulk of articles on carbon based nanofluid
(Graphene, GO, CNT etc.) have generally discussed about its thermal
conductivity [13], electrical conductivity [14], and applications [15].
Only few selected articles have discussed about its stability aspects in
different basefluids (water, ethylene glycol, propyl glycol, liquid par-
affin, oil etc.). Xie et al. [16] reported 1440 h of stability for CNT-
decane nanofluid using oleylamine as stabilizer. Several studies on
carbon based nanofluid have been compiled in Table 1, which shows
the use of stabilization techniques for enhancing the stability of nano-
fluid.

2.4. Hybrid/mixed metal based nanofluid

Hybrid nanofluid is a relatively new breed of nanofluid where more
than one type of nanoparticle is combined in a nanofluid resulting in
superior thermal properties compared to nanofluids made of single type
of nanoparticles. Nine et al. [17] prepared Al2O3–MWCNT-Water na-
nofluid and observed 8% increment in thermal conductivity value
compared to pure Al2O3 nanofluid. Several studies have used different
types of hybrid nanofluid such as Ag-MWCNT [18], MWCNT-Fe3O4

[19], Nanodiamond-Fe3O4 [20] etc. for lubrication, heat transfer
(thermal conductivity) and electrical conductivity enhancement appli-
cations respectively. Layered double hydroxide nanofluid is a type of
hybrid nanofluid which combines two or three metal ions (both biva-
lent and trivalent metal ion) together into a single nanoparticle.
Chakraborty et al. [21] prepared Cu-Al LDH-water nanofluid using co-
precipitation technique and reported 16.1% increment in thermal
conductivity value for 0.8 vol% nanofluid. Summary of different studies
focused on stability and preparation method of hybrid nanofluid has
been reported in Table 1. Both one-step and two-step method are used
for preparation of hybrid based nanofluid. Overview of different na-
nofluid preparation methods are discussed in the following section.

3. Nanofluid preparation method

Nanofluids are generally synthesized using two basic methods i.e.
(a) one-step method, and (b) two-step method. Table 1 summarizes

methods of nanofluid preparation for different types of nanofluids. A
brief summary on both the synthesis schemes is presented in the fol-
lowing sections.

3.1. One step method

The one-step synthesis method refers to the preparation of nanofluid
directly in basefluid without the need of several intermediate steps such
as particle drying, storage, and dispersion of nanoparticle in the base-
fluid [38]. The one-step synthesis scheme enables simultaneous synth-
esis and dispersion of nanoparticle in the basefluid. The stability of
nanofluid prepared using this technique is mostly superior compared to
the two-step method. This methodology eliminates the chances of
particle agglomeration during the drying process. Akoh et al. [39]
synthesized oil based ferromagnetic (Fe, Ni, and Co) nanofluid using
direct evaporation technique, which is commonly known as VEROS
(Vacuum Evaporation on Running Oil Substrate). Lo et al. [40] pre-
pared copper oxide, copper dioxide and copper nanoparticle in di-
electric liquids as basefluid (deionized water, ethylene glycol (EG) and
mixture of water-EG) using SANSS (Submerged Arc Nanoparticle
Synthesis System). This method allows excellent control over the na-
noparticle shape (needle like, polygon shaped, square and circular
shaped) with minimal agglomeration of the nanoparticle. TEM analysis
revealed the formation of nanoparticle having different shape and
uniform size distribution. Selection of dielectric liquid plays a critical
role in determining the shape of nanoparticle.

In general, one-step method is impractical for large scale nanofluid
synthesis due to its high production cost. Therefore, relatively low-cost
one-step chemical process has garnered immense attention among the
nanofluid fraternity. Zhu et al. [41] synthesized Cu-EG nanofluid by
reducing copper sulphate and sodium hypophosphite monohydrate in a
medium of ethylene glycol (EG) using microwave irradiation. Poly-
vinylpyrrolidone (PVP-K30) was used as a stabilizer. This method
produced uniformly distributed Cu nanofluid with excellent stability.
The nanofluid stability was tested at elevated temperature under sta-
tionary condition for 14 days during which it showed no sign of sedi-
mentation. The enhanced stability of synthesized nanofluid is attributed
to three factors, (a) lower particle size, (b) better dispersibility in
basefluid, and (c) addition of PVP as a steric stabilizer. Similarly, mi-
crowave irradiation of AgNO3 and PVP in ethanol medium was per-
formed to form stable silver nanofluid [42]. Silver nanofluid prepared
using this method remained stable for a duration of 30 days under
stationary condition at room temperature and over a duration of 10 h
without any sedimentation under the influence of centrifugal force (at
3000 rpm). Yu et al. [43] reported synthesis of stable homogeneous n-
octane based graphene oxide (GO) nanofluid using phase transfer
method. Graphene oxide nanoparticles are typically hydrophilic in
nature and can be easily suspended in water due to the presence of
oxygen containing functional groups such as eCOOH (carboxylic),
eOH (hydroxyl), and eC]O (carbonyl). In order to make GO compa-
tible with organic solvents, oleylamine was used as a modifier to con-
vert graphene oxide nanoparticle to hydrophobic nanoparticle which
enable its dispersion in organic solvent. Ayyappan et al. [44] reported
one-step synthesis techniques of different metal based nanofluid (Ag,
Au, Cu and Pd) in ethanol medium using PVP as stabilizer.

In a nutshell, it can be concluded that one step nanofluid synthesis
method involves insitu preparation and dispersion of nanoparticle in
basefluid in a single step (VEROS, SANSS, microwave irradiation, phase
transfer etc.) without the need of intermediate particle drying step.

Key advantages are as follows:

1. Synthesis of nanoparticle and its dispersion in basefluid is performed
simultaneously.

2. Storage, drying and transportation of particle are avoided which
limits the probability of particle aggregation.

3. Stable nanofluid can be prepared without any additional stabilizer.
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4. There is greater control over nanoparticle size and shape during
synthesis process.

5. Nanofluid is more stable in nature compared to two-step method.

Key disadvantages are as follows:

1. Nanofluid can only be prepared in batch wise manner and in low
quantity.

2. In general, the synthesis method is expensive in nature.
3. The unreacted reactants remaining in end product can create

problem during application.

3.2. Two step method

Two-Step synthesis of nanofluid is the most commonly used method
of nanofluid preparation. This method is cost effective and can be easily
implemented. The main drawback of this technique is the control of
particle agglomeration tendency. The frequent implementation of ex-
tensive ultrasonication and stirring is the most commonly used method
to control agglomeration. Addition of different surfactants such as:

Fig. 1. Schematic of different nanofluid stability estimation techniques; (a) sedimentation measurement, (b) transmittance/absorbance measurement, and (c) dy-
namic light scattering measurement.
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Anionic (Sodium Dodecyl Sulphate (SDS), Sodium Dodecyl Benzene
Sulphonate (SDBS)), Cationic (Cetyltrimethylammonium Bromide
(CTAB)), Non-ionic (Span 80, Tween 20) and polymer (Polyvinyl
Pyrrolidone (PVP), Poly Vinyl Alcohol (PVA), Gum Arabic (GA)) during
nanofluid preparation is another method of controlling particle ag-
gregation [3,32,37,45–47]. Several researchers have also used two-step
method to prepare stable nanofluids without using any surfactants or
polymer [24,48].

In brief, it can be concluded that two-step nanofluid synthesis
method involves two distinctive stages of preparation; a) preparation
and drying of nanoparticle, and b) dispersion of nanoparticle in base-
fluid using physical (ultrasonication, magnetic stirrer, and high pres-
sure homogenizer) and chemical (electrostatic, steric and electrosteric)
methods.

Key advantages are as follows:

1. Two-step method is ideal for large scale and cost-effective produc-
tion.

Key disadvantages are as follows:

1. Nanoparticles prepared by this method are more prone to agglom-
eration.

2. Frequent application of ultrasonication, homogenization or stabi-
lizer addition is needed to stabilize the nanofluid for longer dura-
tion.

3. There is limited control over particle size and shape during synth-
esis. Nanoparticles also tend to agglomerate during storage or
drying period.

4. Stability evaluation methods

Several techniques are used in literature for the evaluation of na-
nofluids stability i.e. (a) sedimentation and centrifugation, (b) zeta
potential measurement, (c) spectral absorbance and transmittance
measurement, (d) 3 ω method, (e) transmission electron microscopy,
and (f) dynamic light scattering. A brief description of these techniques
is provided in the following section.

4.1. Sedimentation and centrifugation

Sedimentation is the most commonly used technique for stability
evaluation. This technique is based on formation of sediment at the
bottom of the liquid column due to gravity. The longer time taken by
the nanofluid for formation of precipitate is an indication of superior
stability of nanofluid. Several researchers have used the sedimentation
technique to evaluate nanofluid stability [1,32,36]. Centrifugation
technique is an alternative sedimentation technique which requires
relatively lower time to evaluate the nanofluid stability. In this method,
the centrifugal force is much stronger than the normal gravitational
force which accelerates the sedimentation process. Singh et al. [42]
prepared ethanol based Ag nanofluid with PVP as stabilizer and ex-
amined its stability using the centrifugation techniques at 3000 rpm for
10 h. The nanofluid displayed no sign of sedimentation within the
aforementioned time frame which is comparable to what was observed
by conventional sedimentation techniques for 1 month.

Fig. 1(a) schematically illustrates the sedimentation based stability
evaluation method. The terminal settling velocity (Vt) for a spherical,
smooth nanoparticle in a centrifuge can be determined considering
stokes law regime (Rep < 1) using the following expression [49],

=
−

V
D ρ ρ ω X

μ
( )

18t
p p o
2 2

(1)

where Dp, X, ρp, ρo, ω and µ represents particle diameter, distance be-
tween axis of rotation and specific location of the tube inside centrifuge,

density of nanoparticle, density of base fluid, angular velocity of cen-
trifuge and viscosity of basefluid, respectively. This equation clearly
indicates that low particle size, higher viscosity of basefluid and nom-
inal density difference between nanoparticle and basefluid are key to
achieving higher nanofluid stability. It is also to be pointed out that
lowering particle size increases surface energy which in turn can lead to
particle clustering. Higher settling velocity indicates faster settling of
nanoparticle. Both sedimentation and centrifugation technique provide
quantitative evaluation of stability in terms of settling time or by
measuring the height of sediment layer with respect to time.

4.2. Zeta potential measurement

Zeta potential is used as a measure of nanofluids stability and more
details on the criteria of stability based on zeta potential have seen
presented in a later section. Colloidal suspension with high zeta po-
tential value is stable in nature and suspension having lower zeta po-
tential value tends to agglomerate faster and is considered unstable.
Several researchers have used zeta potential measurement as the tool to
quantify the stability of nanofluid. Table 1 presents the stability of
different types of nanofluid based on zeta potential measurement.

4.3. Spectral absorbance and transmittance measurement

Spectral absorbance and transmittance measurement can provide a
quantitative measure of nanofluid stability. This method of stability
evaluation is generally used when the nanoparticle suspended in the
basefluid has an absorption peak between 190 and 1100 nm [50]. The
particle suspended in the base fluid has tendency to absorb light in the
visible and ultraviolet frequency range. Stability is measured by con-
stantly checking the absorption peak characteristics using UV–VIS
spectrophotometer and how it varies with time. Decrease in absorbance
with time indicates instability of nanofluid suspension. Absorbance (Aλ)
is proportional to concentration of particle in the solution given as,

= = × ×αA log (I /I) l cλ o10 (2)

where I, Io, α, l and c, represent intensity of laser light beam after
passing through the colloidal suspension, intensity of incident laser
light, absorptivity, length of light path and concentration of particle
respectively. The decrease in nanoparticle concentration with time due
to sedimentation is reflected in decrease of absorbance value. However,
for nanofluid with dark coloured nanoparticle and high particle con-
centration, it is difficult to measure the stability using this method
[51,52].

Similarly, transmittance measurement can also be used for stability
evaluation. Transmittance (Tλ) and absorbance (Aλ) are related to each
other as:

=T I/Iλ o (3)

Measurement of transmittance at different time intervals can pro-
vide measure of nanofluid stability. Fig. 1(b) shows a schematic of
experimental arrangement for transmission or absorbance measure-
ment. He-Ni laser is used as the light source having a wavelength of
632 nm. CCD camera or UV spectrophotometer is used to capture the
image intensity at specific wavelength. Increase in transmittance with
time is an indication of nanofluid instability. A sample stability mea-
surement data of Cu-Al LDH nanofluid has been shown in Table 2. The
table shows increase in transmittance value with increasing time as a
function of initial nanoparticle concentration. The nanofluid shows
greater instability at higher concentration of nanofluid.

4.4. 3 ω method

The 3 ω method of stability analysis uses change in thermal con-
ductivity of nanofluid due to particle agglomeration and sedimentation
as a measure of instability [53]. This method can be implemented for
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nanofluid having a wide range of volume fraction. Oh et al. [54] re-
ported increase in thermal conductivity of Al2O3-water and Al2O3-EG
nanofluid with time (up to 1 h) and concluded that such an increment
in thermal conductivity is a result of particle clustering/agglomeration.
There exists an optimum degree of particle clustering beyond which
further agglomeration leads to decline in thermal conductivity [55].
Karthikeyan et al. [56] observed 22.5% decrease in thermal con-
ductivity of CuO-water nanofluid with time (within a time interval of
20 min) due to agglomeration and subsequent sedimentation of nano-
particles. Decline in thermal conductivity of nanofluid is attributed to
particle clustering which reduces surface area to volume ratio and ef-
fective thermal interaction area.

4.5. Transmission electron microscopy

Transmission Electron Microscopy (TEM) can be used to observe
particle agglomeration of nanofluid and the particle size distribution
measurement can be used as an alternative measure of nanofluid sta-
bility. High resolution TEM image provides two dimensional image of
nanoparticle suspended in the basefluid. Several researchers have used
this technique to comment on the extent of particle aggregation, par-
ticle size and shape of different nanofluids [32,36,37,53]. Chakraborty
et al. [32,37] reported the effect of surfactant and polymer addition on
the dispersion of TiO2 and Cu-Zn-Al LDH nanoparticle in aqueous
medium and reported the stability results based on TEM measurement,
which correlate well with zeta potential and sedimentation measure-
ments.

4.6. Dynamic light scattering

Dynamic light scattering (DLS) technique can be used to measure
the particle size distribution of any colloidal suspension. Fig. 1(c) shows
key components of a DLS measurement setup. A laser is used to illu-
minate suspended nanoparticle in the basefluid. A photon detector
monitors the scattered light fluctuation caused by the particle Brownian
motion. The diffusion coefficient is calculated from intensity fluctuation
using light scattering theory. The measured diffusion coefficient is used
to calculate the particle size using Stokes-Einstein equation [57] as:

=R k T
πμD6H

B

(4)

where RH, D, kB, T, and µ represent hydrodynamic radius, translational
diffusion coefficient, Boltzmann constant, absolute temperature and
viscosity respectively. Measurement of particle size acquired at dif-
ferent time intervals over a long period of time indicates the nano-
particle agglomeration tendency. The instability of nanofluid leads to
formation of cluster which eventually leads to sedimentation. There-
fore, DLS analysis can show increase in particle size with time due to
agglomeration and act as indicator of nanofluid instability. Kole et al.
[58] observed 9 times increase in cluster size of CuO nanoparticle in
gear oil (basefluid) compared to its primary particle size due to in-
stability of nanofluid. Sadeghi et al. [59] reported increase in cluster
size of Al2O3–water nanofluid with time which is an indication of
gradual aggregation of nanoparticle.

5. Stability mechanism

Stability of colloidal suspension can be explained using a theory
proposed by Derjaguin, Landau, Vewey, and Overbeek (DLVO). This
theory is based on the following assumptions: (1) particle dispersion is
dilute, (2) Van der Waal attractive force and electrostatic force are the
only two forces acting on the suspended particle, (3) gravity and
buoyancy forces are neglected, (4) the colloidal suspension is homo-
geneous in nature and (5) ion distribution throughout the colloidal
system is dependent on three factors namely, electrostatic force,
Brownian motion and entropy induced dispersion.

According to the DLVO theory, colloidal stability is dependent on
the total potential energy, VT which is expressed as:

= +V V VT A R (5)

where VA and VR represent Van der Waal attractive potential and
electrostatic repulsive potential respectively. The expressions of Van
der Waal attractive potential and electrostatic repulsive potential for
particles of different size and shape have been compiled in Tables 3 and
4 respectively. Fig. 2 schematically depicts different configuration of
particles with size (a1, a2), shape (spherical, cylindrical, plate) and se-
paration distance (S).

From the expression of Van der Waal attractive potential (VA), the
importance of Hamekar constant is quite evident. Hamaker constant (A)
is dependent on refractive index of material used and dielectric prop-
erty of the basefluid which is expressed as:

= −A A A( )1 2
2

1
2

1
2

(21)

where A1 and A2 are the Hamekar constants of the particle and medium
respectively. The value of Hamekar constant for silver (Ag)-water, Ag-
methanol, alumina(Al2O3)-water and Al2O3-methanol nanofluid system
are 149.1 × 10−21 J, 175.2 × 10−21 J, 36.9 × 10−21 J and
84.4 × 10−21 J, respectively [61]. Particles having high Hamekar
constant are more prone to agglomeration due to high Van der Waal
attractive potential [62,63].

For ease of electrostatic repulsive interaction potential calculation,
the surface potential (φ) is assumed as zeta potential (ζ) value. Eq. 15 is
valid when κa < 5 which is common in case of nanoparticles. Debye
constant (κ) is expressed as [62],

=
∑

κ
n Z e

εk T
( )i i

B

2

(22)

Table 2
A sample stability measurement results of Cu-Al LDH nanofluid at different
particle concentration and time interval using transmittance measurement.

Sample Concentration (vol%) %Transmittance

Day 0 Day 2 Day 3

Water 0 100 100 100

Cu-Al LDH nanofluid 1 77.21 81.70 85.22
2 72.78 77.78 81.72
4 30.03 36.34 42.34

Table 3
Van der Waal attractive interaction potential for different particle shapes and
configuration under different boundary conditions [60].

Geometry Attractive Interaction Potential (VA or VVdW) Size
Range

A = Hamekar constant (J), S = Particle separation distance (nm),
a1 = a2 = a = Characteristic radius (nm), L = Length of cylinder (nm),
Aplate = Area of interacting plate (m2)

Sphere/sphere = = − × ⎡
⎣

⎤
⎦+

V V (6)VdW A
A
S

a a
a a6

1 2
1 2

a1, a2 ≫
S

Sphere/sphere
= −V (7)A

Aa a

S

16 1
3

2
3

9 6
a1, a2 ≪
S

Plate/plate (semi-
infinite)

= − ×V A (8)A
A
πS plates12 2

NA

Cylinder/cylinder
(Parallel)

= − ⎡
⎣

⎤
⎦

×
+

V L (9)A
A

S
a a

a a12 2 3/2
1 2

1 2

a1, a2 ≫
S

Cylinder/cylinder
(Parallel)

∝ − ×V L (10)A S
1
5

a1, a2 ≪
S

Cylinder/cylinder
(crossed)

= −V (11)A
A a a

S
1 2

6
a1, a2 ≫
S

Plate/sphere = + +−
+ +( )( )V ln1 (12)A

Aa
S

S
a S

S
a

S
a S6 2 2

a ≫ S

Plate/sphere ∝ −V (13)A S
1
3

a ≪ S
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where e, n, Zi, kB, and T denotes single electron charge, number density
of ionic species in the solution, ions valency, Boltzmann constant
(1.3806 × 10−23 J.K−1), and temperature respectively. The inverse of
Debye constant is known as Debye length (nm).

The stability of the colloidal suspension depends on the sum of VA

and VR, which is a function of separation distance between the parti-
cles. The two nanoparticles approach towards each other due to
Brownian motion changing the separation distance and interaction
potential. If VA dominates over VR, then nanoparticles would tend to
form a large cluster and destabilize the suspension. Fig. 3 shows the
variation of potential energy with respect to separation distance for two
situations: (1) when total interaction potential is low, particle would
tend to settle faster (See Fig. 3(a)) and (2) when total interaction po-
tential is high, particle prevents agglomeration and remains stable.
However, despite having sufficient energy barrier, if two particles col-
lide with sufficient energy i.e. at elevated temperature, it can overcome
the aforesaid barrier. Once the barrier is breached, attractive force will
dominate over the repulsive force and pull the two particles together to
form cluster. These clusters are irreversible in nature and get strongly
attached. When the zeta potential value of the suspension is low and
particle loading is high, Van der Waal potential can dominate over
repulsive potential (particle separation distance is low) which creates a
secondary minimum (See Fig. 3(a)). Due to this secondary minimum,
weakly bonded clusters can be created. These clusters can be broken up
by external forces using vigorous agitation and ultrasonication to form
stable nanofluid suspension. When particles have sufficiently high re-
pulsive force, there is less agglomeration. Without a strong repulsive
potential, flocculation and coagulation can take place which is un-
desired. Therefore, to ensure long term stability of the nanofluid, it is
essential to have high repulsive potential. The effect of a high potential
barrier on nanofluid stability is shown Fig. 3(b).

6. Factors responsible for nanofluid stability

Different parameters i.e. dielectric constant and pH value of base-
fluid, zeta potential, size and shape of particle, and particle con-
centration affect the stability of nanofluid. The mechanism explaining
the influence of these factors on nanofluid stability is discussed in the
following sections.

6.1. Dielectric constant of basefluid

The dielectric constant of the basefluid is directly proportional to
the repulsive potential which means higher the dielectric constant

greater will be the stability (See Table 4). The dielectric constant of
conventional basefluid such as acetone, ethanol, ethylene glycol,
hexane, benzene, and water are 21.01, 24.6, 24.6, 1.89, 2.28 and 78.5,
respectively at 20 °C [64]. The highest dielectric constant is observed
for water among other basefluid which indicates its high repulsive
potential.

6.2. Zeta potential

When nanoparticles are suspended in the base fluid, the liquid layer
surrounding the particle can be divided into two parts; (a) stern layer,
and (b) diffuse layer. In stern layer, ions are strongly attached with the
particle whereas in diffuse layer, ions are loosely bounded. The amal-
gamation of surface charge, stern layer, and diffuse layer is known as
electrical double layer (EDL) which consists of both positively and ne-
gatively charged ions but is electrically neutral. The zeta potential value
provides a good estimation on the stability of nanofluid. High zeta
potential value (both positive and negative) of suspension implies a
higher repulsive force which prevents particles to come close to each
other resulting in formation of aggregates. Particles having a zeta po-
tential value greater than± 30 mV are considered stable. Particles
having zeta potential value in the range of± 15 mV are considered
unstable. Fig. 4(b) shows the interpretation of different zeta potential
range on the nanofluid stability. It may be noted that if particle and
base fluid has significant density difference, sedimentation can take
place in spite of having high zeta potential value.

6.3. pH value

The pH value of the suspension and zeta potential value are corre-
lated with each other. The effect of pH on the zeta potential value
(stability) has been reported by several researchers [47,53,65,66]. The
pH value affects the electrical charge density on the nanoparticle sur-
face which in turn influences the stability of nanofluid. Fig. 4(a) shows
the variation of pH value corresponding to zeta potential for different
nanoparticles. Fig. 4(b) shows the schematic of different stability re-
gime corresponding to zeta potential and pH values. At the isoelectric
point (IEP), individual particles carry no net electric charge, and zeta
potential value approaches zero. Nanofluid suspension near its IEP is
considered to be unstable [67]. The pH value also affects the size and
shape of nanoparticle during its preparation which influences the sta-
bility of the nanofluid. Li et al. [5] studied the effect of pH value on size
and shape of synthesized Ag nanoparticle. In a basic medium
(pH = 11), morphology of the Ag nanoparticles are spherical in nature

Table 4
Electrostatic repulsive interaction potential (Derjaguin approximation) for different particle shapes and configuration under different boundary conditions [60].

Geometry Repulsive Interaction Potential (VR or VES) Size and Potential Range

S = Particle separation distance (nm) , a1 = a2 = a = Characteristic radius (nm), as = Radius of sphere, a-c = Radius of cylinder L = Length of cylinder (nm), φ = Surface potential
(mV), ε = Dielectric constant of basefluid, εo = Permittivity of vacuum (F/m) and κ−1 = Debye length (nm)

Sphere/sphere
a = a1 = a2
φ = φ1 = φ2

= + −V πεε aφ ln exp κS2 (1 ( )) (14)R 0 2

Boundary Condition: Constant Potential

κa ≫ 1
φ ≤ 25 mV

Sphere/sphere
a = a1 = a2

= −V πεε aφ exp κS2 ( ) (15)R 0 2

Boundary Condition: Constant Potential

κa < 5
φ ≤ 25 mV

Plate/plate
φ = φ1 = φ2

= − −( )( )V εε κφ tanh1 (16)R plates O
κS

, 2
2

Boundary Condition: Constant potential

φ ≤ 25 mV

Cylinder/cylinder
(Parallel)
a1 ≠ a2

∫= ⎛
⎝

⎞
⎠

×
+

∞
−

V dx L (17)R
a a

a a S
VR plates

x S
2 1 2
1 2

,
( )

Boundary Condition: Constant Potential
Use Eq. 16 for VR,plates
κa ≫1; a > S

Cylinder/cylinder
(Crossed)

∫= ∞V π a a V dx2 (18)R S R plates1 2 , Boundary Condition: Constant Potential Use Eq. 16 for VR,plates
κa ≫1; a > S

Cylinder/sphere ∫=
+

∞V V dx (19)R
πas ac
as ac S R plates

2
, Boundary Condition: Constant Potential Use Eq. 16 for VR,plates

κa ≫1; a > S
Plate/sphere ∫= ∞V πa V dx2 (20)R S R plates, Boundary Condition: Constant Potential Use Eq. 16 for VR,plates

κa ≫1; a > S
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and size distribution is uniform whereas in neutral medium, synthe-
sized Ag nanoparticles vary in shape from nanosphere to nanorod and
there is no control over size distribution. Fig. 5 shows the size dis-
tribution of nanoparticles based on TEM measurement. The effect of
particle size and shape on nanofluid stability has been discussed in the
following section.

6.4. Particle size and shape

Both Van der Waal attractive force and electrical double layer re-
pulsive force are dependent on the particle size. When particle size is
low, higher number of atoms are present on the particle surface [62]
which results in increase in active site density. He et al. [68] observed

that for hematite (α-Fe2O3) particles the tendency of aggregation is
enhanced with decrease in particle size. For same pH and ionic
strength, aggregation is higher for smaller particle size. The critical
coagulation concentration and isoelectric point (pH value) decrease
with decrease in particle size. Therefore, the agglomeration regime
shifts towards lower pH value. Eqs. 14 and 15 in Table 4 reports two
different expressions for repulsive interaction potential at κa≫1 and
κa < 5. Walker et al. [60] reported mathematical expression for Van
der Waal attractive and electrostatic repulsive potential for nano-
particle having different shape and orientation. Tables 3 and 4 sum-
marize the effect of particle shape and particle orientation on the Van
der Waal attractive and electrostatic repulsive potential under different
condition [36]. Fig. 2 shows different geometrical configuration of
nanoparticle having different shapes such as sphere-sphere, sphere-cy-
linder, sphere-plate and cylinder-cylinder interaction.

Calculation of attractive, repulsive and total interaction potential
for hematite is carried out using equations shown in Tables 3 and 4 for
κa < 5 and Hamekar constant A = 2 × 10−20 J [68]. The zeta po-
tential corresponding to different particle size is: ζ
(d = 12 nm) = 42.6 mV, ζ (d = 32 nm) = 40.2 mV and ζ
(d = 65 nm) = 44.1 mV. Fig. 6 demonstrates the effect of particle size
(particle diameter, d = 12, 32 and 65 nm) on attractive, repulsive and
total interaction potential of hematite (α-Fe2O3) nanoparticle as a
function of separation distance. The figure clearly shows that with in-
creasing particle size, repulsive (VR) and total interaction potential (VT)
increases whereas attractive potential (VA) decreases marginally.

Kim et al. [69] reported that the stability of water based bohemite
alumina nanofluid is strongly dependent on the particle shape. Ac-
cording to their findings, stability of water based alumina nanofluid
degrades with time differently depending on the shape of the particle.
The blade shaped particles sediment faster than platelet and brick
shaped particles. Brick shaped nanoparticles display a highly stable
nature in the suspended form. The results obtained by the stability
analysis is also theoretically validated by calculating interaction po-
tential of nanoparticle having three different shapes (brick, blade and
platelet) using equations in Tables 3 and 4. The effect of particle shape
is not evident on attractive interaction potential, which varies only as a
function of nanoparticle concentration. However, in case of repulsive
potential, the shape effect is quite evident. Highest repulsive potential is
reported in case of brick shaped particles and lowest is observed in case
of blade shaped particle. High repulsive potential calculated using Eq.
15 (brick shaped nanoparticle) indicates high nanofluid stability which
exactly matches with the experimental results on nanofluid stability.

Classical DLVO theory is valid only for spherical particles. When
particles are in form of triangles, ellipses, rhombohedrons, spindle,
platelets, and rod shape [62,63], it further complicates DLVO theory
and affects both Van der Waal attractive force and electrostatic re-
pulsive potential [70] prediction. According to Vold et al. [71], for a
separation distance lower than the average particle diameter (aniso-
metric particle), attraction force is more dominant than repulsive force
because more atoms are available for interaction. The aggregate for-
mation is more likely in case of anisometric nanoparticles than sphe-
rical ones. In case of cylindrical particles, parallel orientation is fa-
voured over perpendicular orientation in terms of interaction potential.
High aspect ratio nanoparticles are more prone to agglomeration. The
settling velocity (Vt) of the nanoparticle in the basefluid is expressed by
Stokes law [72]. Determination of settling velocity is dependent on the
shape of particle as it directly affects the value of drag coefficient
during settling process. Low particle size and nominal density differ-
ence between nanoparticle and basefluid lead to lower settling velocity
and therefore superior nanofluid stability.

6.5. Particle concentration

The average particle separation distance reduces with increase in
particle concentration. The lower separation distance implies greater

Fig. 2. (a–d). Schematic representation of nanoparticles with different size,
shape (cylinder, sphere, plate), and orientation for calculation of interaction
potential (See Tables 3 and 4).
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Van der Waal attractive potential (See Tables 3 and 4). When Van der
Waal attractive potential dominates over electrostatic repulsive poten-
tial, particle agglomeration takes place. Therefore, effect of particle
concentration plays a crucial role in determining nanofluid stability.
Several researchers have reported poor stability of nanofluid at higher
particle concentration [21,36]. Chakraborty et al. [36] observed that
Cu-Zn-Al LDH nanofluid at 40 ppm of nanoparticle concentration re-
mains stable whereas 240 ppm nanofluid suspension shows sign of se-
dimentation. Increase in particle concentration augments particle
cluster size due to lower interparticle distance and enhanced Van der
Waal attractive force which directly affects the settling velocity. Hong
et al. [73] reported increase in average cluster size of Fe-EG nanofluid
(0.2 vol% loading) with time from 1.2 µm to 2.3 µm. There is higher
clustering tendency of nanofluid with increase in nanoparticle con-
centration. Chakraborty et al. [21] observed increase in cluster size
from 86 nm to 126 nm with increase in nanoparticle concentration.

7. Nanofluid stabilization technique

This section reports different stabilization techniques for enhancing

the stability of nanofluid suspension. Fig. 7 presents the classification of
different stabilization approaches, which are broadly classified into
mechanical and chemical techniques. These techniques have been ela-
borated in the following section.

7.1. Mechanical stabilization

Several mechanical stabilization approaches are used for reducing
the cluster size of nanoparticles i.e. ultrasonic vibration and ball milling
etc. The overview of these approaches is presented in the following
sections.

7.1.1. Ultrasonic vibration
Nanofluid stability can be controlled by ultrasonication.

Ultrasonication leads to the production of stable nanofluid by breaking
the nanoparticle cluster. Ultrasonic vibration can be implemented in
two ways; a) indirect method (ultrasonic bath), and b) direct method
(probe sonicator). Among these two techniques, probe sonicator pro-
vides superior outcome in terms of breaking the particle cluster and
lowering average cluster size (See Fig. 8). Several researchers have

Fig. 3. Schematic diagram of interaction potential energy as a function of separation distance between nanoparticles for two situations: (a) when potential barrier is
low, and (b) when potential barrier is high.
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reported the usefulness of ultrasonication in terms of stability, cluster
size reduction and thermo-physical properties (thermal conductivity,
viscosity) [74,75]. Sadeghi et al. [59] reported the stability of Al2O3

nanofluid using zeta potential and DLS (Dynamic Light Scattering)
analysis. They reported that with increase in ultrasonic vibration time
(0–180 min), zeta potential of nanofluid improves irrespective of na-
noparticle concentration from 25 mV to 50 mV. The DLS measurement
also showed decrease in nanoparticle cluster size with increase in ul-
trasonic vibration time. Nguyen et al. [76] reported the effectiveness of
ultrasonication for producing monodisperse alumina nanofluid i.e.
average nanoparticle cluster size reduced from 230 nm to 130 nm using
500 s of ultrasonication at 30% vibration amplitude.

Amrollahi et al. [77] studied the impact of ultrasonication on se-
dimentation and thermal conductivity of MWCNT/EG nanofluid and
reported enhancement in stability and thermal conductivity. However,
it may be noted that excessive ultrasonication in case of graphene or
CNT based nanofluid can introduce defects in their structure and lead to
shortening of CNT length. Therefore, optimized sonication is desirable
to prevent such defects [78]. Sadri et al. [79] discussed thermo-physical
aspect (thermal conductivity, viscosity and density) of ultrasonication.
Ultrasonication is associated with increase in temperature of suspension
which influences its thermo-physical properties. It is recommended to
use ultrasonication in programmable pulse and auto turning mode to

control the temperature rise while using nanofluid having heat sensi-
tivity. Chen and Wen [80] reported that beyond an optimal ultra-
sonication time particle size remains unchanged.

7.1.2. Ball milling
Planetary ball milling technique is also used to prepare a stable

nanofluid suspension. Munkhbayar et al. [18] prepared aqueous
MWCNT nanofluid with combined use of planetary ball mill and ul-
trasonication technique. Planetary ball milling helps to lower down the
average cluster size and increase in the stability of resultant nanofluid.
Boopathy et al. [81] reported the synthesis (two-step method) of Al and
Cu nanofluid using a combination of PBM (wet milling), ultrasonica-
tion, and magnetic stirring.

7.1.3. Other techniques
In addition to ultrasonic and ball milling techniques, other methods

of mechanical mixing are also used for nanofluid preparation. Stirrer
(Magnetic and Mechanical), shaker and vortex mixer are also used for
preparation of stable homogeneous nanofluid [21,32]. Magnetic stirrer
is an essential tool for nanofluid preparation. The optimization of
magnetic stirring speed is essential to avoid bubble formation during
the nanofluid preparation [82]. However, this technique cannot main-
tain nanofluid stability over long duration of time and in many cases are
ineffective at higher particle loading. High shear homogenizer and high
pressure homogenizers are considered as effective tools to improve
nanofluid stability by breaking down the cluster into original particle
size [53,83,84]. Fedele et al. [85] synthesized water based CuO, TiO2,
SWNT nanofluids using high pressure homogenization which showed
promising results compared to ultrasonication (more reduction in
cluster size). Drzazga et al. [86] prepared CuO-water nanofluids by a
combination of non-ionic surfactant, ultrasonication, and high pressure
homogenizer.

7.2. Chemical stabilization

The nature of nanoparticle (hydrophilic or hydrophobic) influences
the choice of basefluid i.e. polar or non-polar. Hydrophilic nano-
particles such as metal oxides (Al2O3, TiO2, CuO) and graphene oxide
are easily dispersed in polar solvent such as water. Non-polar basefluids
(oil) are preferred for hydrophobic nanoparticles (CNT, Graphene). Use
of additional stabilizer is not required in these cases as stability can be
improved by using ultrasonication and homogenization techniques.
However, in order to form stable nanofluid by mixing hydrophilic na-
noparticle in non polar solvent or vice versa different chemical based
stabilization techniques are required. The chemical stabilization tech-
nique can be classified into three types: (a) electrostatic, (b) steric, and
(c) electrosteric stabilization. The electrostatic stabilization of nano-
fluid can be achieved by three ways i.e. using ionic surfactant, pH ad-
justment, and covalent surface functionalization. Steric stabilization
can be attained by non-ionic surfactant and polymer addition. To
achieve combined effect of electrostatic and steric stabilization, ionic
polymer or ionic liquids are used. An overview of these three chemical
stabilization techniques is presented in the following section. Fig. 7
presents classification of different chemical stabilization methods.
Table 5 provides a detailed summary on the implementation and per-
formance of different chemical based nanofluid stabilization techniques
for different types of nanofluid.

7.2.1. Electrostatic stabilization
Electrostatic stabilization of nanofluid can be achieved when Van

der Waal attractive force is counter balanced by electrostatic repulsive
force acting between two similarly charged particle (See Fig. 9(a)).
Particles involved in electrostatic stabilization can possess surface
charge either by ionization of surface groups or by adsorption of ionic
surfactant on the surface. Nanoparticles acquire charge by adsorption of
ions from the dispersing media. The charged nanoparticles then attract

Fig. 4. (a) Zeta potential versus pH value of different types of nanofluid
[53,65], and (b) schematic showing zeta potential and pH value corresponding
to different regime of nanofluid stability.
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the counter ions which surround the particle surface. The electrical
double layer is a layer of ions surrounding a particle dispersed in a base
fluid. The electrostatic stabilization of nanoparticle is achieved by the
overlapping of electrical double layer. Positive charge density sur-
rounding the negatively charged particles provides electrostatic

repulsion force which ensures nanoparticle dispersion in basefluid. The
surroundings of nanoparticle can be divided into three distinctive
zones: (a) surface charge is the region which consists of charges ad-
sorbed by nanoparticle, (b) stern layer consists of the counter-ions
which are strongly attached to the particle surface by electrostatic

Fig. 5. TEM image showing the effect of pH value of dispersing medium on the size distribution and shape of Ag nanoparticle: (a) basic medium, and (b) neutral
medium [5].

Fig. 6. Effect of particle size (d = 12, 32, and 65 nm) on (a) attractive (VA), (b) repulsive (VR), and (c) total interaction potential (VT) between two spherical hematite
(α-Fe2O3) nanoparticles as a function of particle separation distance.
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Fig. 7. Classification of nanofluid stabilization techniques.

Fig. 8. Schematic of different types of equipment for nanofluid stabilization via mechanical route.
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force, and (c) diffuse layer consists of both positively and negatively
charged ions, which are loosely attracted by the particle surface due to
the electrostatic force of the charged particle. The highest electrical
potential within EDL is observed on the particle surface. The potential
gradually drops as one moves further away from the particle surface
and reaches zero at the outer boundary of EDL. The electrical potential
value at the slipping plane is known as zeta potential (ζ) which is used
for determining the stability of a given nanofluid. The purpose of
electrostatic stabilization is to increase the potential barrier between
two particles so that particles cannot come too close to each other and
form strongly bonded clusters. Higher potential barrier leads to su-
perior nanofluid stability (See Fig. 3(a and b)). For improved electro-
static stability, differently charged surfactants (ionic) are added to the
nanofluid suspension [87,88]. Surfactant can be classified mainly into
four types: (a) cationic i.e. Cetyl trimethyl ammonium bromide (CTAB),
Benzalkonium chloride (BAC), Cetrimonium chloride (CTAC); (b) an-
ionic i.e. Sodium dodecyl sulphate (SDS), Sodium dodecylbenzene sul-
phonate (SDBS), Ammonium lauryl sulphate (ALS), Potassium lauryl
sulphate (PLS); (c) non-ionic i.e. Tween 20, Tween 80, Span 80, Poly
vinyl pyrrolidone, Pluronic P-123, Brij 700, Triton X-100, Gum arabic,
Oleic acid, Oleyl amine, Sodium cholate, Sodium deoxycholate,

Rokanol K7, Rokacet O7 [67,89–91]; and (d) amphoteric i.e. Lecithin,
Hydroxysultaine, Sodium lauroamphoacetate, Coamidopropyl betaine
[82]. Amphoteric or zwitterionic surfactants are surfactants which
contains both cationic and anionic hydrophilic group in its structure.
These surfactants are able to form cation and anion based on the pH of
the medium. These surfactants have low toxicity, anti bacterial prop-
erties, resistance to hardness of water and are compatible with other
types of surfactants.

In addition to the above, the pyrene derivative stabilizers (anionic
surfactant) i.e. 1-Pyrenesulfonic sodium salts (Py-1SO3), 6,8-dihydroxy-
1,3-pyrenedisulfonic acid disodium salt (Py-2SO3), 8-hydroxypyrene-
1,3,6-trisulfonic acid trisodium salt (Py-3SO3), and Tetrasodium
1,3,6,8-pyrene tetrasulfonic acid (Py-4SO3), 1-Pyrenebutylic acid
(PBA), 1-pyrenebutanol (PB), 1- Pyrenecaboxylic acid (PCA)
[89,92–96], and aromatic stabilizers (non-ionic surfactant) i.e. poly-
cyclic aromatic hydrocarbons such as tetra potassium salt of coronene
tetra carboxylic acid [97] and perylenebisimide based bolaamphiphile
detergent [98] are widely used for stabilization of carbon based nano-
particle in different basefluid. Pyrene derivative are also considered as
anionic surfactant and fall under non-covalent functionalization ap-
proach of nanofluid stabilization. Ionic surfactants (cationic and

Table 5
Summary of implementation and performance of different nanofluid stabilization techniques.

Authors Nanoparticle Basefluid Surfactants Stability Duration and
Zeta Potential

Stabilization
Technique

Carbon based nanofluid
Srinivas et al. [137] CNT Water None 20.5 mV None

CNT Carboxylated Water Sebacic Acid, 2 Ethylexanoic Acid 38.2 mV Electrostatic
Bandyopadhyaya et al.

[128]
SWCNT Water GA 3 months Steric

Wu et al. [138] SWCNT Water Humic Acid 10 days Electrostatic
Islam et al. [104] SWCNT Water SDBS 3 months Electrostatic
Tang et al. [131] MWCNT Water PVP 2 months Steric
Tang et al. [131] MWCNT Water Triton X-100 2 months Steric
Yu et al. [139] MWCNT Water SDS 3 months Electrostatic
Kim et al. [133] MWCNT Water SDBS 1 day Electrostatic
Kim et al. [133] MWCNT Water CTAB 1 day Electrostatic
Wusiman et al. [2] MWCNT Water SDS 1 month Electrostatic
Wusiman et al. [2] MWCNT Water SDBS 1 month Electrostatic
Fedele et al. [85] Single Wall Cabon

Nanohorn (SWCNH)
Water None 35 mV None
Water SDS 15 days, −40 mV Electrostatic

Hwang et al. [132] Carbon Black Water SDS −26.9 mV Electrostatic

Metal based nanofluid
Li et al. [140] Cu Water CTAB 7 days, 28.1 mV Electrostatic

Cu Water SDBS 7 days, −43.8 mV Electrostatic
Cu Water Triton X-100 7 days, −8.3 mV Steric

Wang et al. [47] Cu Water SDBS −43.8 mV Electrostatic
Hwang et al. [132] Ag Silicon Oil Oleic Acid 2 months Steric
Li et al. [5] Ag n-heptane Oleic Acid & N-Butylamine 1 month Steric

Metal Oxide based nanofluid
Sahooli et al. [129] CuO Water PVP 7 days 32.3 mV Steric
Sandhu et al. [141] CuO Water SDS 2 days, 40 mV Electrostatic

CuO Water-EG (50:50) SDS 4 days, 47 mV Electrostatic
Al2O3 Water-EG (50:50) None 28 days, 57 mV, None

Choudhury et al. [142] Al2O3 Water None 14 mV None
Al2O3 Water SDS 16 days −30 mV Electrostatic

Wang et al. [47] Al2O3 Water SDBS −40.1 mV Electrostatic
Mo et al. [143] TiO2 Water SDS 12 days Electrostatic
Ghadimi et al. [144] TiO2 Water None 2 days, −33.3 mV None

TiO2 Water SDS 7 days & −55 mV Electrostatic
Bagaria et al. [145] Fe3O4 Saline Water (NaCl,

CaCl2 in water)
Poly(2-acrylamido-3
methylpropanesulfonate-co- acrylic acid)

−45 mV Electrosteric

Iqbal et al. [146] Fe3O4 Saline Water (NaCl,
CaCl2 in water)

Poly(AMPS-co-AA) 1 month, −53.6 mV Electrosteric

Hybrid nanofluid
Song et al. [147] Stainless steel Water SDBS 10 days, −70 mV Electrostatic
Song et al. [147] Stainless steel Water CTAB 10 days, 60.1 mV Electrostatic
Chakraborty et al. [36] Cu-Zn-Al LDH Water None 18 h, 38.6 mV None
Chakraborty et al. [37] Cu-Zn-Al LDH Water SDS >1 day, −50.6 mV Electrostatic

Cu-Zn-Al LDH Water Tween 20 12 h, 24.3 mV, Steric
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anionic) are used in order to achieve electrostatic stabilization and non-
ionic surfactants are used for steric stabilization. Non-covalent func-
tionalization can be achieved by various means such as ionic surfactant,
non-ionic surfactant, polymer and aromatic surfactant. In case of
carbon based nanofluid, the main disadvantage of non-covalent func-
tionalization is that it forms foam inside thermal equipments leading to
reduction in effective heat transfer area and thermal performance
[99,100]. In some cases, non-covalent functionalization of carbon based
nanofluid not only reduces thermal properties but also increases visc-
osity of nanofluid (GNP-SDBS/water nanofluid) which is detrimental
from thermal performance view-point [101]. On the other hand,
covalent functionalization overcomes such problems and display good

dispersion of carbon based nanoparticle [101–103]. For improving the
dispersion stability of carbon based nanoparticles in aqueous/organic
solvent, both covalent and non-covalent functionalization is used. The
most common stabilizers used for non-covalent functionalization of
carbon based nanoparticle are Gum Arabic (GA), Sodium Dodecyl
Sulfate (SDS), Sodium Dodecyl Benzene Sulphonate (SDBS) and Triton
X-100. Among these four stabilizers, SDBS provides best dispersion of
carbon based nanoparticle in water due to strong π-π interaction be-
tween carbon nanoparticle [101,104–106].

In addition to ionic surfactant, electrostatic stabilization can be at-
tained by altering the functional groups present on the surface of na-
noparticle by acid, alkaline and plasma treatment. Polar functional
groups (hydroxyl, carboxylic, carbonyl, sulphate, amine and phosphate
etc.) on the nanoparticle surface lead to superior suspension stability in
polar solvents. Such type of functionalization is known as the covalent
functionalization [89,107]. Covalent functionalization can be sub-
divided into many classification such as hydroxyl, carboxyl and amine
based functionalization. The effect of covalent (using cysteine) and non-
covalent functionalization (using Gum Arabic) on the stability of CNT
based nanofluid has been studied by Shanbedi et al. [102]. Amine based
functionalization of crumpled nitrogen doped graphene nanosheet in
water/ethylene glycol based nanofluid was carried out using cyanamide
to improve nanofluid stability [108]. Water based graphene quantum
dot nanofluid was stabilized for 30 days using amine functionalization
without use of any surfactant/polymer [109]. Amine treatment of
aqueous graphene quantum dot nanofluid was also reported by Soley-
maniha et al. [110] where long-term nanofluid stability was achieved
with high thermal performance and negligible fouling effect. Ettefaghi
et al. [111] prepared low-cost stable (6 months) water-graphene
quantum dots nanofluid using citric acid and urea as precursor. They
used hydrothermal technique to prepare cost-effective, eco-friendly
stable nanofluid. He et al. [112] reported utilization of graphene
quantum dots as stabilizer for stabilizing water based graphene nano-
fluid.

The stability of nanofluids can also be attained by pH adjustment. In
order to maintain high nanofluid stability, the pH value of the system
should be maintained at either higher or lower value compared to IEP.
At IEP, zeta potential is equal to zero which is undesired from stability
view-point (no repulsive force). The enhanced repulsive force is ne-
cessary to maintain higher nanofluid stability. At optimum pH level,
nanoparticles possess high charge density which is desirable for main-
taining well dispersed nanofluid [113,114]. In order to disperse CNT in
water, acid treatment is carried out for introducing hydroxyl group on
the nanoparticle surface, which helps in converting hydrophobic (CNT)
nanoparticle into hydrophilic [16]. Several studies [47,65,66,115] on
the effect of pH on nanofluid stability reported that at pH value close to
7, particle tends to agglomerate whereas at higher and lower pH value
there is less agglomeration (See Section 6.2). However, from the heat
transfer application point of view, too high or too low pH value may
lead to accelerated corrosion of heat transfer surface [116].

The effectiveness of different oxidizing agents such as HNO3, H2SO4,
KMnO4 in altering the dispersion stability of MWCNT has been dis-
cussed by Wepasnick et al. [117] using surface functionalization by
polar functional groups [118]. Ghozatloo et al. [33] reported synthesis
of water soluble graphene using alkaline based functionalization where,
potassium persulfate (K2S2O8) was added into aqueous suspension of
graphene as the oxidizing agent and potassium hydroxide (KOH) as pH
adjusting agent. The graphene nanosheets produced by this method is
highly water soluble due to the formation of eOH, eCOOH, eCOOK
functional group at the edges of the graphene sheet. Formation of
oxygen containing functional group (polar group) has been confirmed
by FTIR analysis. Liu et al. [119] prepared chemically modified single
wall carbon nanotube using peroxytrifluoroacetic acid to produce
SWNT nanofluid which is soluble in polar solvent (water, ethanol, di-
methylformamide) by introducing trifluoroacetic groups (CF3COOe)
and other oxygen based functional groups (eCOOH, C]O, CeO) on the

Fig. 9. Schematic representation of (a) electrostatic, (b) steric, and (c) elec-
trosteric [122] stabilization scheme.
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nanoparticle surface. Plasma treatment of diamond nanoparticle was
carried out using gas mixture of methane (CH4) and oxygen (O2) for
introducing polar functional groups such as carbonyl, carboxylic and
aldehydes on the nanoparticle surface for improving the dispersion
stability in polar medium (water) [120]. Table 5 summarizes the ex-
amples of electrostatic stabilization carried out for improving the na-
nofluid stability. The limitations of electrostatic stabilization are:

(a) This technique can only be useful for dilute nanoparticle suspen-
sion.

(b) This method is unsuitable for electrolyte sensitive systems i.e.
system having calcium, sodium, and magnesium ion. Electrostatic
stabilization technique is also ineffective in saline environment.

(c) Redispersion of the already agglomerated particle is not possible.
(d) This technique is not suitable for non-aqueous suspension.

7.2.2. Steric stabilization
The steric stabilization of nanofluid can also be termed as polymeric

stabilization technique which involves addition of polymer molecules in
nanoparticle suspension for the purpose of preventing particle ag-
gregation and eventual sedimentation. The polymeric molecules at-
tached to the nanoparticle surface prevent the two nanoparticles from
coming close to each other. It creates a steric hindrance which prevents
nanoparticles from adhering to each other (See Fig. 9(b)). The steric
stabilization of nanofluid can be achieved using non-ionic surfactant
and polymer. This stabilization technique falls under non-covalent
functionalization [89,102,106,121]. The advantage of using steric sta-
bilization is that it can stabilize nanofluids with high particle con-
centration which is not possible by electrostatic stabilization.

When polymeric chains get adsorbed on the nanoparticle surface,
there is restriction in free movement of the nanoparticle in basefluid,
which acts as steric diffusion barrier to prevent nanoparticle agglom-
eration [122,123]. Polymeric chain length and adsorption ability of
polymer plays a crucial role in steric stabilization. Short chain polymer
and polymer with poor adsorption properties are ineffective as steric
stabilizers. Strong binding (by chemisorptions) between nanoparticle
and polymeric chain is essential for achieving steric stabilization. The
non-ionic amphiphilic polymer can be used for steric stabilization
which is made of two parts, i.e. anchor part which gets attached to the
nanoparticle surface and the polymeric tail which interacts with the
solvent molecules to prevent two nanoparticles from interacting with
each other [122]. Fig. 9(b) shows the anchor part and stabilizing
polymeric chain. The stabilizing polymeric chain prevents nano-
particles from adhering to each other by providing a protective layer
against the agglomeration. Two factors play major role to achieve steric
stabilization in nanosuspensions i.e. strong enthalpic interaction be-
tween molecule of the dispersing media and solvated polymeric tail,
and length and density of the polymeric tail attached to the nano-
particle surface for minimizing VDW attraction between two ap-
proaching nanoparticles [124,125].

Steric stabilization is also known as the thermodynamic stabiliza-
tion scheme, where total interaction potential can be represented by
total Gibbs free energy of system GT given as [122],

= + = + +G G G G G GT A ST A OS VR (23)

GA, GST, GOS and GVR represent Gibbs free energy of attraction, steric
repulsion, osmotic repulsion and volume restraint interaction respec-
tively. Osmotic repulsion/mixing interaction (GOS) is the increase in
osmotic pressure by overlapping of polymeric layer surrounding the
nanoparticle due to increase in the concentration of solvated polymeric
tail near the zone of interaction. Solvent molecules migrate to the zone
of overlapping polymer layer due to this effect and generate strong
repulsion to prevent nanoparticles from agglomerating. The sign of GOS

depends on solvency of the stabilizing polymer in the dispersion
medium. A solvent can only be termed as a good solvent from stabili-
zation perspective, when the sign of GOS is positive such that the

adverse mixing interaction assists in nanoparticle repulsion and nano-
fluid stabilization. On the other hand, in case of poor solvent, the sign of
GOS is negative and mixing interaction is attractive in nature which will
lead to nanofluid destabilization. The value of volume restraint inter-
action or entropic interaction (GVR) is always positive which means it is
favourable from repulsion point of view. Volume restraint interaction
can lead to decrease in interacting polymer volume due to overlapping
and compression of polymeric chain which results in subsequent de-
cline of entropy. It is to be pointed out that summation of GOS and GVR

contributes to repulsive free energy. From the concept of Gibbs free
energy, it can be concluded that steric stabilization can be achieved
when ΔG > 0. For a good solvent, GT > 0, GST = GOS + GVR > GA

and for a poor solvent, GT < 0, GOS + GVR < GA with ΔG > 0 and
ΔG < 0 respectively [122,126].

Polymer used in steric stabilization can be either normal/homo-
polymer consisting of identical monomers or co-polymer consisting of
two different monomers incorporated in single polymeric chain. Co-
polymer can also be classified into three sub-types namely random,
block and graft type. Random co-polymer is a type of polymer made of
multiple types of monomer units arranged together in a random manner
whereas a block copolymer is a polymer formed when two monomers
forms blocks of repeating units. Graft copolymer is different from
random and block copolymer where linear backbone is made of one
monomer and side chain is made of another monomer. Amphiphilic
block or graft copolymers are ideal for steric stabilization. The criteria
behind choosing copolymer for steric stabilization are: one part of the
polymer should have affinity towards the suspended nanoparticle (gets
attached to nanoparticle surface by chemisorptions or physisorption)
and the other part is compatible with the dispersion media [127].
Greater steric stabilization properties is achieved by providing anchor
polymer (particle loving monomer) and stabilizing moieties (solvent
loving monomer). For aqueous dispersion, polystyrene-polyoxyethylene
(anchor polymer-stabilizing moieties), polyvinyl chloride-polyvinyl
pyrrolidone (PVP), polyvinyl acetate-polyvinyl alcohol, poly-
acrylonitrile-polymethacrylic acid, polypropylene-polyvinyl methyl
ether can be used as copolymer whereas for non-aqueous dispersion
polyacrylonitrile- polystyrene, polyvinyl chloride-polyisobutylene,
polyoxyethylene-polylauryl methacrylate, and polypropylene-poly-
dimethylsiloxane etc. are used as copolymer. In addition to the above,
Gum Arabic, PVP, Triton X 100, Tween 20, Span 80, Oleylamine, Oleic
acid are also used widely for steric stabilization [128–132]. The ad-
sorption of long chain non-ionic surfactant (amphiphilic) on the na-
noparticle can also provide steric stabilization in both polar and non-
polar dispersing medium. The amphiphilic nature (one part hydrophilic
and other part hydrophobic) of surfactant makes it ideal (like co-
polymer) for steric stabilization. Using non-ionic surfactant like Triton
X-100, steric stabilization of both hydrophilic and hydrophobic nano-
particle can be achieved in different basefluid (polar or non-polar sol-
vent) [131,133]. Schematic diagram of steric stabilization using long
polymer chain is depicted in Fig. 9(b).

Steric stabilization cannot be quantified using zeta potential mea-
surement since polymer attachment to the nanoparticle surface does not
change the surface potential. Therefore, long term sedimentation,
centrifugation, UV spectrophotometer, transmittance, or DLS techni-
ques can be implemented to quantify the stability. The primary ad-
vantages of steric stabilization are that agglomerated particles can be
dispersed, and this technique is suitable for stabilization of high con-
centration nanofluid suspension, electrolyte sensitive system, and
multiphase system. Table 5 reports effectiveness of steric stabilization
for different types of nanofluid.

7.2.3. Electrosteric stabilization
Electrosteric stabilization is an amalgamation of both electrostatic

and steric stabilization. In this approach, ionic polymer gets adsorbed
on the surface of any charged nanoparticle which leads to the creation
of both protective polymeric barrier (steric hindrance) and electric
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potential barrier (electrostatic repulsion) between two approaching
nanoparticles. In addition to steric hindrance, significant double layer
repulsion is generated by the ionic polymer which further improves the
stability of the nanofluid. Electrosteric stabilizers are generally ionic
polymers which are made of two parts; a) anchor segment and b) sta-
bilizing ionic polymeric chain (See Fig. 9(c)). The anchor segment and
stabilizing ionic polymer chain provides both steric and electrostatic
stabilization. The polymer used for this purpose is known as polyelec-
trolyte which is made of repeating polymer units having an ionisable
group (carboxylic, sulfonic acid group etc.). Polystyrene sulfonic acid,
poly(1-vinylpyrrolidone-co-acrylic acid), polyacrylic acid-block-poly
butyl acetate, polyvinyl sulfonic acid, and poly(methacrylic acid) etc
are examples of electrosteric stabilizers [122,134]. The ionizable group
gets dissociated in the dispersing media to form an electrically charged
polymer. In order to achieve good polymer adsorption on the nano-
particle surface, both nanoparticle and polyelectrolyte should be of
opposite charge as shown in Fig. 9(c). Polyelectrolytes having both
cationic and anionic groups are known as polyampholyte which can
provide electrosteric stabilization. Ionic liquids can also be im-
plemented to achieve electrosteric stabilization due to its high charge
density (to provide electrostatic stabilization), and strong chemisorp-
tions on the nanoparticles surface (to provide steric repulsion). Imida-
zolium, pyridinium, tetrafluoroborate and hexafluorophosphate are few
examples of ionic liquid used for nanoparticle stabilization [122,135].

Kong et al. [136] used strong anionic polyelectrolyte (melamine
formaldehyde sulfonate, MFS) and non-ionic polymer (hydro-
xypropylmethylcellulose, HPMC) to electrosterically stabilize cement
particles in DI water medium. Authors reported poor performance of
MFS as stabilizer as cement particles can only be dispersed in water for
a short time period after which particles refloculate. However, superior
stabilization was observed using both MFS and HPMC. Fig. 9(c) shows
the mechanism behind electrosteric stabilization using polyelectrolyte.

8. Effect of operating conditions on stability

Application of nanofluid stretches from manufacturing [36,148],
electronics cooling [149,150], solar power [151,152], nuclear power
plant [153], heat exchangers [154,155], microfluidics [156,157], au-
tomobile [158] to enhanced oil recovery [10,159,160] etc. The stability
of nanofluid gets altered during operation due to change in operational
conditions i.e. temperature, salinity, confinement and shear etc. The
effect of operational conditions on stability of nanofluid and possible
remedial actions are reviewed in the following sections for several
applications.

8.1. Stability effect in heat transfer applications

Nanofluid undergoing heating and cooling cycle during operation
can lead to particle agglomeration. Particles suspended in a basefluid
have higher Brownian motion during the heating cycle as the particle
diffusion coefficient is directly proportional to fluid temperature. High
diffusion coefficient implies more particle-particle collision and higher
probability of particle aggregation. Therefore, high temperature appli-
cations require additional care to suppress instability of nanofluid.

Majority of nanofluids are stabilized via surfactant and polymer
addition [22,129,130,161]. However, it may be noted that surfactant
and polymers tend to degrade at elevated temperature which detri-
mentally impacts the nanofluid stability [162]. High temperature sta-
bility of both polymeric stabilizer and surfactant needs to be considered
for successful use of nanofluid in heat transfer application. Nanofluid
should remain stable over a wide range of temperature. The bulk of the
study on nanofluid stability at higher temperature has reported sig-
nificant agglomeration tendency and irreversible deterioration of na-
nofluid [163,164]. Chang et al. [165] observed that with increase in
temperature, nanoparticles tend to form cluster and there is an increase
in average particle size. They also observed that zeta potential value of

CuO nanofluid decreases from 21.7 mV to 13.4 mV at 60 °C and 60 min
operations which is an indication of reduced stability. To ensure high
temperature nanofluid stability, both mechanical (high pressure
homogenizer) and plasma (surface functionalization) treatment can be
implemented. Tavares et al. [163] reported synthesis of thermally
stable (up to 150 OC) Cu-EG nanofluid using single step plasma treat-
ment without any surfactant. The agglomeration takes place at 197 °C
(close to boiling point of EG) due to enhanced Brownian motion and
particle-particle collision. These soft agglomerates can be easily broken
down by ultrasonication contrary to the surfactant based stabilization,
where aggregation is irreversible. Sani et al. [166] reported the
synthesis of stable ethylene glycol based single wall carbon nanohorn
nanofluid using high pressure homogenizer (up to 1000 bar), and re-
ported stability of nanofluid till temperature of 150 °C over a period of
six months.

Hordy et al. [167] studied both long-term and high temperature (up
to 220 °C) stability of MWCNT nanofluid for different basefluid such as
water, ethylene glycol, propylene glycol, and Therminol VP-1. It was
observed that except Therminol VP-1 based MWCNT nanofluid, all
other basefluids show long-term nanofluid stability over a period of
8 months. Fig. 10(a) shows the impact of heating cycle on the stability
of Therminol VP-1 based MWCNT nanofluid at three different initial
concentrations (6.5 ± 0.5, 16 ± 1 and 33 ± 2.4 mg/L). It is ob-
served that after completion of each heating cycle, nanoparticle con-
centration keeps on reducing for all three initial concentrations which

Fig. 10. Effect of heating cycle and temperature on the stability of nanofluids:
(a) effective concentration of MWCNT nanoparticle in Therminol VP-1 base-
fluid after 5 heating cycle (heated at 220 °C for 1 h) [167], and (b) effect of
operating temperature on stability time of n-heptane based Ag nanofluid [5].
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can be interpreted as poor nanofluid stability at high temperature
(220 °C) in therminol VP-1 medium. It may be noted that all other
basefluids except Therminol VP-1 are polar in nature which plays
crucial role in long term stability aspect of MWCNT nanofluid. MWCNT
used in this study were treated with plasma which grafted oxygenated
functional groups (carboxylic and hydroxyl) on the particle surface.
MWCNT nanoparticle is more compatible with polar solvents (water,
ethylene glycol, polyethylene glycol) due to plasma induced functio-
nalization.

Li et al. [5] investigated the influence of temperature on the stabi-
lity of n-heptane based oleic acid coated silver nanofluid. It was ob-
served that Ag nanofluid is stable for months when used at room
temperature and the thermal stability duration reduces from 23 h at
120 °C to 2 h at 160 °C. Fig. 10(b) shows sample results on effect of
temperature on stability of n-heptane based Ag nanofluid.

Nanoparticle deposition on the heat transfer surface due to loss of
stability can contribute to additional heat transfer resistance in the form
of fouling factor [27,28,30,31]. Sarafraz et al. [30] observed higher
heat transfer coefficient and improved thermal performance of ther-
mosyphon using water-TiO2 nanofluid during the initial period. How-
ever, when the study was extended over long time duration
(14,000 min) particulate fouling resulted in reduction of heat transfer.
The effect of particulate fouling gets further intensified at higher heat
load, weight fraction and angle of inclination of thermosyphon. Nega-
tive impact of nanoparticle fouling on flow boiling heat transfer coef-
ficient was reported for MgO-therminol 66 nanofluid at high nano-
particle concentration [168]. In another study, Sarafraz et al. [35]
reported the thermal performance of COOH functionalized CNT-water
nanofluid in a counter current heat exchanger and observed increase in
pressure drop of 11% and augmentation in thermal conductivity up to
56% with overall improvement in thermal performance index (η) by
44%. Nanofluid used for this study showed good stability over a period
of 21 days using Nonylphenol ethoxylate (NPE) as stabilizer. This in-
vestigation was conducted for a wide range of Reynolds number
(Re = 900–10,500) at temperature range of (50–70 °C) confirming the
effectiveness of nanofluid at high temperature and different flow re-
gimes. Sarafraz et al. [169] also reported thermal performance and
viscosity of Ag-coconut oil nanofluid under convective boiling scenario
inside an annular heat exchanger. In comparison to water based or
ethylene glycol based nanofluid, this nanofluid showed negligible
fouling even after 1000 min with lower particle clustering tendency due
to lower evaporation rate of coconut oil compared to other basefluid.

Nanoparticle deposition on heat transfer surface can lead to increase
in surface roughness which aids in nucleate boiling heat transfer
[1,36,170]. The effect of flow condition inside channel, pipe, heat ex-
changer on nanofluid stability and subsequent effect on heat transfer
has been extensively investigated by many researchers for several na-
noparticle and basefluid combinations [28,31,34,35,171]. Lin and Yang
[172] have discussed about the flow instability of nanofluid under
elevated temperature and reported that nanofluid becomes unstable as
it changes its flow regime from laminar to turbulent flow.

The wall effect on the thermal performance of nanofluid under
strong temperature gradient has also been studied by some researchers
[173,174]. There is significant impact on the thermal performance and
thermo-physical properties of nanofluid due to near wall velocity gra-
dient. However, more experimental and theoretical studies are war-
ranted to understand the impact of surface properties and flow rate on
the performance of nanofluid under strong temperature gradient.

8.1.1. Impact of nanofluid stability on thermo-physical properties
Among several beneficial attributes of nanofluid, thermal con-

ductivity and viscosity are considered to be of paramount importance
from the context of its industrial large scale applicability. However, the
main bottleneck behind large scale implementation of nanofluid lies in
the effect of stability on nanofluid properties i.e. thermal conductivity,
viscosity, specific heat and surface tension.

The thermal conductivity of stable nanofluid suspension is higher
than the thermal conductivity of destabilized nanofluid [6,175]. In
addition to the uniform dispersion case of nanofluid, the optimum level
of clustering for high thermal conductivity has been discussed by sev-
eral researchers [21,55,176]. Wen et al. [177] and Prasher et al. [55]
reported the optimum aggregation level required to attain maximum
thermal conductivity enhancement which contradicts the concept of
homogeneous dispersion. Prasher et al. [55] observed that the nano-
particle clusters are made of both linear and side chains. The en-
hancement in thermal conductivity is attributed to linear chain like
structure which helps in heat conduction. Timofeeva et al. [178] also
observed that nanoparticle aggregation is one of the contributing fac-
tors for increase in thermal conductivity. However, larger aggregate or
cluster formation can lead to sedimentation and drop in thermal con-
ductivity of nanofluid. Therefore, it is essential to control the rate of
aggregation so that stability remains unchanged over a long duration by
stabilizer addition, functionalization, pH control or ultrasonication. The
effect of stabilizer addition or other stabilization technique on stability
and thermal conductivity of nanofluid has been reported by several
researchers [37,79,115,179–181]. The effect of Gum Arabic (GA) on the
stability and thermal conductivity enhancement of MWCNT nanofluid
was reported by Sadri et al. [79]. Chakraborty et al. [37] observed that
addition of SDS improves the zeta potential value (indication of su-
perior stability) and thermal conductivity of Cu-Zn-Al LDH nanofluid.
Su et al. [181] reported the effect of sonication time on the thermal
conductivity and stability enhancement of graphite-oil nanofluid. Wei
et al. [179] reported stability of diathermic oil based TiO2 nanofluid
over 10 days without using any stabilizer at higher temperature
(20–50 °C). Li et al. [115] reported the effect of both pH altercation and
surfactant addition on the stability and thermal conductivity of Cu-H2O
nanofluid. Their study revealed that as the pH value increases from 3 to
9.5; there is increase in zeta potential value leading to better stability.
When the pH of the suspension is higher compared to the Isoelectric
point (IEP), the hydration force between nanoparticles increases
leading to greater mobility. Enhanced particle mobility results in micro-
convection which helps in heat transfer augmentation. Addition of
SDBS surfactant to nanofluid suspension with pH value in the range of
8.5–9.5 leads to thermal conductivity enhancement. However, there is a
drop in thermal conductivity value with subsequent increase in pH
value. The optimal balance between pH and surfactant addition is de-
sired to achieve good particle dispersion and heat transfer properties.

Limited studies of nanofluid stability effect on specific heat capacity
are available in literature contrary to that of thermal conductivity.
Specific heat capacity of nanofluid decreases with increasing particle
concentration [82,182,183]. More systematic study is required to un-
derstand the effect of nanofluid stability on specific heat capacity.

The particle aggregation can also detrimentally impact the rheolo-
gical characteristics of nanofluid. The impact of particle clustering on
viscosity of nanofluid has been discussed in details by Duan et al. [184].
It was observed that nanofluid behaves like Non-Newtonian fluid due to
excess clustering which then behaves like Newtonian fluid after soni-
cation. Both ultrasonication and stabilizer (CTAB) were used to ensure
long term stability. Microstructure of dried nanoparticles from SEM
measurement showed distinct difference in particle aggregation before
and after ultrasonication. The change in rheological behaviour of na-
nofluid after ultrasonication indicates the relation between stability and
rheological behaviour of nanofluid. Nanofluid can behave both as
Newtonian[185] or Non-Newtonian [32,186–188] fluid depending on
particle type, concentration, size, basefluid, stabilizer, shear rate and
temperature. Irrespective of nanoparticle and basefluid type, nanofluid
viscosity increases with increase in nanofluid concentration and de-
creases with increasing operating temperature
[1,58,183,184,189–192]. Particle size also plays a crucial role on the
extent of viscosity enhancement of nanofluid [187,193].

Few studies have reported the effect of nanofluid concentration and
operating temperature on surface tension value
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[21,32,36,183,194,195]. The surface tension value increases with in-
crease in nanoparticle concentration and deceases with increase in
operating temperature. However, in some cases both increase and de-
crease in surface tension value can be observed with increasing nano-
fluid concentrations [21,36,196]. More number of nanoparticle leads to
lower interparticle gap and higher Van der Waal attraction in liquid air
interface leading to increase in surface tension. The surface tension
value can reduce at low particle concentration due to electrostatic re-
pulsive force or nanoparticle alignment at liquid-air interface. This
phenomenon can also be governed by the nature of nanoparticle (hy-
drophilic or hydrophobic) and basefluid. However, excessive clustering
can also lead to sedimentation and reduction in surface tension value as
the particle concentration reduces in bulk media.

8.1.2. Price-performance analysis of nanofluid
The favorable properties of nanofluid lead to superior performance

of several applications. However, a cost is also associated with synthesis
of nanofluid. Therefore, price performance analysis of nanofluid should
be undertaken for selection of nanofluid. The reduction in thermal
properties due to instability can influence price performance factor of
nanofluid. The industrial applicability of nanofluid is only possible
when cost of nanofluid is lower than the saving due to performance
improvement i.e. the thermal conductivity ratio is moderately high over
a long period of time. Maintaining high thermal conductivity ratio after
multiple heating/cooling cycles is of utmost importance for its appli-
cation in heat transfer. The price performance factor (PPF) of nanofluid
is related to the thermal conductivity ratio of nanofluid compared to
base fluid and price of the nanofluid. Therefore, reduction in thermal
conductivity ratio due to particle aggregation, sedimentation or de-
position leads to decease in price-performance factor. Nanofluids
having lower particle size usually have higher production cost and
superior thermal conductivity ratio. The cost of nanofluid also depends
on the price of nanoparticle material i.e. metal and carbon based na-
noparticles have high cost whereas metal oxide based nanofluid has
lower synthesis cost. Alirezaie et al. [197] carried out PPF assessment of
MgO-EG and Fe-EG nanofluid and reported that MgO-EG nanofluid has
higher price performance factor compared to Fe-EG nanofluid. The
price performance factor is defined as (Alirezaie et al. [197])

= ×
( )

Price Performance Factor (PPF)
Thermal Conducivity Ratio

Price of Nanofluid
1000

$
litre (24)

where thermal conductivity ratio is the ratio of the thermal con-
ductivity of nanofluid to basefluid. Hemmat Esfe et al. [198] reported
that the cost of carbon nanofluid is significantly higher than metal
oxide and hybrid nanofluid. The enhancement in thermal conductivity
is higher at higher particle concentration i.e. carbon based (SWCNT)
nanofluid should be implemented at higher concentration. On the other
hand, at low particle concentration hybrid nanoparticle (ZnO-SWCNT)
shows more promise compared to individual ZnO and SWCNT nano-
fluid [198]. Ensuring good nanofluid stability over a long-period of
time is key to maintaining high thermal conductivity ratio and price
performance factor during the life period of a thermal system.

8.2. Confinement effect in microfluidics applications

Flow of nanofluids inside microcapillary or mini channel has several
applications i.e. drug delivery system [199], heat transfer [200],
manufacturing [201,202] etc. Unwanted particle sedimentation or
particle aggregation can influence the flow of nanofluid through the
microchannel. Increase in resistance to fluid flow leads to increase in
pressure drop and high pumping cost. A numerical study on the thermal
performance and pressure drop calculation of CuO-water nanofluid in a
trapezoidal microchannel revealed that with increase in nanoparticle
size (100–200 nm), pressure drop increases from 3% to 15% whereas

average Nusselt number decreases by 5.3% [203]. Higher particle size
implies higher pressure drop and lower thermal performance in mi-
crochannel. Sarafraz and co-workers studied applicability of graphene-
water [204] and graphene-water/ethylene glycol (60:40) [34] nano-
fluid in microchannel and reported improved thermal performance
index with an increase in pressure drop, friction factor and pumping
cost. These studies revealed the importance of flow rate and particle
concentration on overall thermal performance of nanofluid inside a
microchannel. The effect of fouling formation on heat transfer perfor-
mance inside a rectangular microchannel was studied by Sarafraz et al.
[205] using carbon nanotube-water nanofluid. It was observed that
thermal resistance caused by fouling is strongly dependent on duration
of operation and nanoparticle concentration. Higher period of opera-
tion and particle concentration leads to greater thermal resistance due
to fouling.

Higher sedimentation and fouling formation in microfluidics ap-
plication is attributed to greater surface effects due to stronger inter-
action between particle and channel wall. Therefore, the Van der Waal
attraction and electrostatic repulsion force between particle and
channel wall plays dominant role compared to particle-particle inter-
action. In case of microchannel flow, particle-particle interaction gets
overshadowed by the particle-wall interaction.

In addition to channel geometry, near wall flow dynamics influences
the stability of nanofluid in a microchannel. The effect of microchannel
geometry on the heat transfer, friction factor of nanofluid has been
investigated by several researchers [206,207]. Byrne et al. [208]
showed that addition of surfactant (CTAB) in nanofluid (CuO nano-
particle) can enhance the heat transfer performance in a microchannel.
Surfactant addition not only stabilizes the nanofluid suspension but also
prevents average particle cluster size from increasing with time through
electrostatic stabilization. However, the detailed study about the effect
of wall and particle interaction on nanofluid stability is limited. Inter-
action between nanoparticle and channel wall based on the particle
shape should also be considered as it could affect the total interaction
potential responsible for nanofluid stability (See Sections 5 and 6.4).
More investigation is required to understand the impact of confine-
ment, wall-particle interaction and nature of wall surface on the na-
nofluid stability in microchannel flow.

8.3. Salinity effect in enhanced oil recovery

Several authors have reported that nanofluid is effective in en-
hanced oil recovery (EOR) applications [9,10,159,160,209]. Factors
such as wettability change, reduced interfacial tension of oil-water
system, change in disjoining pressure, lower oil viscosity, increase in
water viscosity, higher film and slug dislocation, and log jamming are
responsible for EOR using nanofluid [10,160,209,210]. Log jamming is
the manifestation of pore blockage by nanoparticle aggregation and
forced production of oil from adjacent pores where oil was trapped
previously.

It is not possible to achieve all the benefits of enhanced oil recovery
using naked nanoparticle suspension in basefluid. ShamsiJayezi et al.
[160] reported that polymer and surfactant coated nanoparticle sus-
pension perform better in EOR recovery compared to naked nano-
particle suspension due to several factors such as superior solubility,
stability, and easy transport through a porous medium. Polymer coated
nanoparticles have greater control over the mobility of injected fluid. In
order to ensure good mobility control, viscosity of the injected fluid
should be higher than the viscosity of oil. This generates a piston like
effect inside the oil reservoir and leads to displacement of more oil from
injection to production well. Therefore, in order to ensure greater oil
recovery, injected fluid viscosity should be higher than oil viscosity to
prevent viscous fingering and low oil recovery [160]. Incorporation of
surfactant and polymer along with nanoparticle can lead to the for-
mation of foam or emulsion inside the reservoir which can increase the
viscosity of the injected fluid. The high viscosity of the injected phase is
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considered good for mobility control. Foam and emulsion also display a
shear thinning nature which is advantageous for applying injection
fluid at a higher injection rate. Implementation of surfactant and
polymer coated nanofluid can also lower down the interfacial tension
and alter the rock wettability.

In order to ensure effectiveness of EOR using nanofluid, nanofluid
must be able to penetrate deep inside the rock pores to aid in oil pro-
duction. However, there are several difficulties in transport of nano-
particles through porous medium both with (polyacrylic acid, polyvinyl
pyrrolidone, cellulose, surfactant) and without stabilizers [211–213].
Formation of large particle aggregates can hinder the applicability of
nanofluid in low permeable rock formation. When the cluster size is
higher than the pore size of rock, particles can block the pores. This
phenomenon is called physical filtration which can happen with both
well dispersed and aggregated particle suspension depending on the
permeability of rock. For non-aggregated particle suspension, such fil-
tration can take place depending on size, shape, aspect ratio and
polydispersity of the suspension. Bayat et al. [214] showed that metal
oxide based nanofluid used for enhanced oil recovery gets deposited on
the limestone rock surface. The adsorption of TiO2 and SiO2 nano-
particle can alter the wettability of the rock surface which is beneficial
for enhanced oil recovery. However, excessive nanoparticle adsorption
on the rock surface and pore areas can increase the cost of enhanced oil
recovery as lesser amount of nanoparticle can be recovered after it
passes through the porous media. In addition to that more particle
deposition can also block the pore areas which are essential for oil flow
towards the production well and deep penetration of injected fluid for
oil recovery. The excessive nanoparticle deposition and pore area
blockage is related to the nanofluid stability in porous medium.

The condition inside the oil reservoir has high salinity, which is
detrimental on the stability of suspended nanoparticles. Increase in
salinity influences the zeta potential value of nanofluid by compressing
the electrical double layer and lowering the electrostatic repulsive
force. Al-Anssari et al. [215] reported that with increase in NaCl con-
centration, zeta potential value of SiO2 nanofluid decreases from
−45 mV to 0 mV which is an indication of deterioration in nanofluid
stability. Fig. 11 shows the effect of salinity on the zeta potential value
of SiO2 nanofluid i.e. the zeta potential value reduces with increase in
salinity.

Effect of saline condition can be countered by coating the nano-
particles with polymer or surfactant which provide adequate electro-
static or steric stabilization of nanofluid. Using highly acidic polyelec-
trolyte such as polystyrene sulphonate, zwitterionic sulfobetaine, poly
(2-Acrylamido-2-methyl-1-propanesulfonic acid) (poly AMPS), poly-
acrylic acid, and bilayer coating of ionic surfactant, sufficient electro-
static stabilization can be provided [160,213,216]. It is to be pointed
out that non-ionic and less-acidic polymeric stabilizers such as poly-
ethylene glycol, polyacrylamide, and polyvinylpyrrolidone do not per-
form well under high temperature and high salinity condition. The
stability of nanofluid is also highly pH sensitive. Both high salinity and
presence of bivalent ions can hinder the stability of nanofluid inside the
oil reservoir [145]. Bagaria et al. [145] reported high zeta potential
value (−45 mV) of iron oxide nanoparticle coated with poly (2-acry-
lamido-3-methylpropanesulfonate-co- acrylic acid) (poly AMPS-co-AA)
in silica sandstone under saline environment (8 wt% NaCl and 2 w%
CaCl2) indicating high nanofluid stability. The coating not only im-
proves suspension stability by means of electrosteric stabilization but
also reduces nanoparticle adsorption on silica sandstone. Foster et al.
[216] reported good stability of iron oxide nanoparticle using Poly
(AMPS) as stabilizer up to 1 week (at 90 °C) under saline condition
(8 wt% NaCl and 2 w% CaCl2) in silica and berea sandstone. Iqbal et al.
[146] reported 30 days stability of magnetite nanoparticle using co-
polymer of AA and AMPS under high salinity (8 wt% NaCl and 2 wt%
CaCl2) and high temperature (120 °C) condition. Long chain polymer
(cellulose, starch, and polyacrylamide) coating on nanoparticle surface
can also provide good steric stabilization of nanoparticle suspension

under saline environment [217].

8.4. Magnetic field effect

Self-assembly property of magnetic nanofluid has its application in
several systems such as drug delivery [121,218], patterning [219],
magnetic levitation [220], and photonics [221]. Several researchers
have reported the effect of magnetic particle aggregation under mag-
netic field [222,223]. The effect of particle aggregation under magnetic
field has both beneficial and detrimental effect based on its field of
application. Magnetic field induced particle aggregation is favourable
in drug delivery, magnetic levitation, photonics and drying applications
[199,202,221,224]. Asfer et al. [200] have reported that convective
heat transfer coefficient may increase or decrease under the influence of
magnetic field depending on factors such as (a) ratio of magnetic force
to inertia force, and (b) increase in local thermal conductivity of fer-
rofluid due to chain like cluster formation.

Chang et al. [225] studied the effect of magnetic field on the sta-
bility of CuO nanofluid. The CuO nanofluid loses stability at a faster
rate in the presence of magnetic field. The repulsive potential acting
between two suspended particles diminishes leading to higher nano-
particle aggregation. Formation of coarse particle (depicted via TEM
image and particle size measurement) takes place under the effect of
magnetic field. Average particle size increases whereas zeta potential
value decreases under the influence of strong magnetic field which is a
clear indication of clustering tendency and poor stability.

Parker et al. [226] reported aggregation of the paramagnetic par-
ticle under the influence of a strong magnetic field. They used particle
suspension of Mn2P2O7, Mn2O3, MnO, and Cr2O3 to measure the impact
of magnetic field on particle aggregation. Settling velocity of all the
suspended particles increased significantly under the influence of ver-
tical magnetic field. Gareev et al. [227] reported the formation of chain
like structure in Fe3O4/SiO2 nanofluid under constant magnetic field
using Atomic Force Microscopy (AFM). Wang et al. [228] reported the
formation of different colloidal assembly under the influence of mag-
netic field.

Magnetic nanoparticles should retain its stability after removal of
the imposed magnetic field. In order to maintain the magnetic nano-
fluid stability and to ensure its reusability, electrostatic or steric sta-
bilization technique has to be implemented. Several researchers
[200,229–232] have used oleic acid as a dispersant in order to maintain
the stability of magnetic nanoparticle for longer duration. Fig. 12(a–d)
shows the selected TEM image of the monodisperse and ordered iron

Fig. 11. Effect of salinity on the zeta potential value of water-SiO2 nanofluid
[215].
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oxide nanoparticle coated with oleic acid indicating improved suspen-
sion stability. The oleic acid chain attached with the iron oxide nano-
particle surface prevents individual particles from adhering to each
other by steric stabilization [229–232].

8.5. Shearing effect in drag reduction applications

Nanoparticles present in nanofluids can create a film on the lu-
bricating surface leading to energy saving by lowering the friction and
wear in different types of industrial systems. Zhou et al. [233] reported
that Cu nanoparticle in oil medium perform better as friction and anti-
wear reducing agents than zinc dithiophosphate under high load
bearing condition at an elevated temperature. According to the authors,
the enhanced tribological properties of Cu nanoparticles can be inter-
linked to the thin particle film having low elastic modulus and hard-
ness. Abdulbari et al. [234] reported drag reduction properties of bis-
muth oxide (Bi2O3), titanium oxide (TiO2), iron oxide (Fe3O4), silica
(SiO2) nanofluid in a microchannel. The percentage drag reduction
(DR) is calculated by measuring the pressure drop (using pressure
transmitter) in a microchannel before and after nanofluid addition.
Authors reported that nanoparticles having high rigidity show good
friction reduction features when suspended in liquid medium.

Drag reduction feature of nanofluid is linked with several factors i.e.
flow rate (Reynolds number, Re), rheological nature (Newtonian/ shear
thinning/shear thickening), nanoparticle concentration, nanoparticle
size, shear rate, shear duration and surface roughness. Percentage drag
reduction is greater for nanoparticle having a smaller size. Wu et al.
[235] studied the effect of drag reduction by dispersing TiO2 nano-
particle in engine oil using paraffin oil as dispersant and reported that
particle size of TiO2 influences the reduction in friction force. TiO2

nanofluid having a particle size of 59 nm produces lower friction
coefficient than nanofluid having particles of 83 nm. Witharana et al.
[236] investigated the effect of different operating conditions such as
particle concentration (0.5–8 wt%), shear rate (500–3000 s−1), tem-
perature (20–60 °C) and shear duration (5–40 min) on the stability of
TiO2-EG nanofluid. They observed that under the effect of high shear

rate (3000 s−1) and elevated operating temperature (60 °C), TiO2 na-
noparticle size increased from primary size of 25 nm to a maximum
average cluster size of 132 nm. However, it was also observed that by
varying shear rate from 500 to 3000 s−1, the average cluster size only
varies between 126 and 132 nm which is relatively insignificant. The
effectiveness of SiO2 nanofluid in drag reduction is more pronounced on
the rough surface as reported by Pouranfard et al. [237]. In case of
rough pipe, percentage drag reduction is higher for identical Re and
pipe diameter compared to smooth pipe. The drag reduction perfor-
mance of nanofluid is influenced by flow rate, surface roughness and
nanofluid concentration. In turbulent regime, drag reduction using
nanofluid is more prominent than in laminar regime [8]. The me-
chanism of drag reduction using nanofluid is attributed to modification
in surface characteristics by nanoparticle deposition. In case of rough
pipes, nanoparticle deposits on the pipe wall improve the pipe
smoothness and helps in drag reductions. However, nanoparticle de-
position may not be effective from surface modification view-point in
smooth pipe [8,237]. Sarafraz et al. [169] reported the beneficial at-
tributes of Ag-coconut oil nanofluid in lubrication of high friction sur-
face at high operating temperature and low concentration of nano-
particle. Low fouling formation (thin nanoparticle layer on rough
surface improves interlayer movement and lubrication) of nanofluid
leading to enhanced lubricating properties. However, at a high particle
concentration, nanoparticle clustering and excessive sedimentation/
deposition are undesired for drag reduction. Therefore, optimum na-
noparticle concentration and nanofluid stability should be considered.

In addition to stability, rheological properties of the nanofluid also
plays significant role in its drag reduction characteristics. Scientific
opinion on the rheological behaviour of different nanofluids contradicts
each other. Some literature claim that nanofluid display Newtonian
behaviour [185] whereas others have observed the non-newtonian
behaviour [32,186,187]. It may be pointed out that rheological features
can differ based on the shear rate at which nanofluids are tested. At
high shear rate, Newtonian behaviour is expected whereas at low shear
rate value, nanofluid can show both Newtonian and non-newtonian
behaviour depending on properties and interaction between basefluid
and nanoparticles. Chen et al. [185] reported the effect of shear rate on
the stability and viscosity of TiO2-EG nanofluid. The rheological ana-
lysis carried out for this study shows Newtonian behaviour of TiO2-EG
nanofluid over a large shear rate range of 0.5–200 s−1. The rheological
behaviour of nanofluid may also vary based on particle shape and
particle concentration [185,238]. Aladag et al. [186] studied viscosity
of water based Al2O3 and CNT nanofluid at low temperature (2–10 °C)
for different shear duration (120–240 s) and variable shear rates
(5–4000 s−1). When nanofluid is subjected to high shear rate, nano-
particle clusters tend to break down rapidly which leads to decline in
viscosity. When the process is reversed i.e. reduction in shear rate leads
to formation of nanoparticle network and increase in viscosity. In ad-
dition to shear rate, increasing shear duration also lead to rebuilding of
the initial nanoparticle cluster which is undesired from drag reduction
point of view. According to the literature, drag reduction is favoured for
non-newtonian (shear thinning) fluid [8,86,239]. Yanuar et al. [8] re-
ported the effectiveness of alumina nanofluid in drag reduction under
turbulent flow condition. They concluded that higher mixing time and
higher particle concentration leads to better drag reduction perfor-
mance.

Stability of nanofluid plays a critical role in determining effective-
ness of nanofluid as drag reducing agent for both short-term and long-
term basis. Depending on the operating condition and the nature of the
basefluid, steric or electrostatic stabilization can be implemented.
Surfactant and polymer used for nanofluid stabilization can also acts as
a drag reduction agent by altering the rheological nature and chemical
nature of pipe wall by adsorption or deposition. The polymer and sur-
factant present in the basefluid tend to form network or micelles under
flowing condition which contributes to viscoelastic effect responsible
for drag reduction. However, it may be noted that under closed loop

Fig. 12. Selected TEM images of monodisperse iron oxide particle suspension
using oleic acid [229–232].
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condition, effectiveness of polymer is uncertain as it degrades under
high stress inside pumps and its effectiveness gets nullified. Both sur-
face active nature and micelle formation feature of surfactant con-
tributes to drag reduction. Contrary to polymer, effectiveness of sur-
factant under high stress remains unhindered due to the self-
regenerative nature of micelles [86]. Drzazga et al. [86] reported drag
reduction using non-ionic surfactant stabilized (Rokacet O7 and Ro-
kanol K7) copper oxide nanofluid. The sole effect of nanoparticle ad-
dition on drag reduction becomes insignificant when compared to
surfactant added nanofluid suspension. Similar to the above study, Liu
and Liao [240] reported the effectiveness of CTAC (cationic) surfactant
stabilized water-carbon nanotube nanofluid for drag reduction in a
closed loop system. The effectiveness of surfactant as a drag reducing
agent has been documented in the open literature [241,242]. In case of
crude oil pipeline, drag reducing agents such as surfactant helps in
reducing pumping cost by reducing energy loss due to friction. The
performance of surfactant as drag reducing agent in a channel flow is
attributed to viscoelasticity of solution, structure of micelles and tur-
bulence in flow [241,242].

9. Conclusion and future direction

Favourable properties of nanofluid such as thermal conductivity,
viscosity, and surface tension etc. compared to basefluid are beneficial
in improving the system performance of several applications. However,
one of the critical factors limiting widespread use of nanofluids is its
stability. The effectiveness of nanofluid reduces with time due to its
instability. The present article reviews several aspects related to na-
nofluid stability i.e. classification of nanofluids, synthesis methods
considering enhanced stability, mechanism responsible for nanofluid
stability, different nanofluid stabilization techniques and stability eva-
luation methods. Specific attention is given on effects of operating
conditions for nanofluid stability in several practical applications.
Overall, this review focuses on addressing the issues of nanofluid sta-
bility from its application perspective starting from the synthesis to
operational stage.

The operational conditions of nanofluid i.e. temperature, salinity,
composition, shear rate, confinement, external magnetic field etc. can
influence its stability. The selection of nanofluid and its preparation
method should be decided based on the nature of application and sta-
bility consideration. More extensive studies on hybrid stabilization
approach i.e. combination of different mechanical and chemical
methods should be carried out for enhancing the stability of nanofluid
at different operating conditions. Summary of different stability en-
hancement approaches reviewed in this manuscript can be useful for
improving the usability of nanofluid in more number of applications.

Nanofluid stability analysis from operational perspective is one of
the important factors for its successful implementation. Systematic
studies need to be performed to standardize the effect of operating
parameters (high temperature, high pressure, salinity, magnetic field,
electrical field, confinement, and shear rate etc.) on nanofluid stability.
Compatibility between basefluid and nanoparticle is crucial for
achieving longer stability without the need of additional stabilizer.
Hydrophilic nanoparticles (metal oxide) are easily dispersed in polar
solvent whereas hydrophobic nanoparticles (graphene, carbon nano-
tube) are compatible in non-polar solvent. From chemical stabilization
view point, electrostatic and steric stabilization techniques have been
extensively investigated in literature compared to electrosteric stabili-
zation. More studies on electrosteric stabilization technique should be
carried out to improve the long term stability and application of na-
nofluids. Hybrid nanofluids have superior physical characteristics
compared to other nanofluids. However, limited study on stability of
hybrid nanofluid is available in literature. Further investigation on
stability aspects of hybrid nanofluid will enhance its potential for in-
dustrial applications. From heat transfer view point, consideration of
fouling factor, pressure drop and friction factor should be considered in

addition to thermal properties under different operating conditions in
heat pipe, heat exchanger, thermosyphon, and microchannel. More
studies are also warranted on the effect of flow rate (Re) and particle
concentration prior to the application of different nanofluid in heat
transfer application. Because, high particle concentration and flow rate
can increase pressure drop and fouling effect. The properties of sub-
strate influence the stability of nanofluids in microfluidic applications
due to wall effect which require more systematic investigation.
Similarly, the porous media properties influence the stability aspects of
nanofluids and further investigation is required in design of nanofluids
for porous media applications where wall/confinement effect is sig-
nificant. The design of nanofluids should also be standardized for drag
reduction application using systematic study. Oil based nanofluid has
superior friction-reduction characteristics due to formation of thick film
layer (high viscosity) between two surfaces and low evaporative nature
compared to water based nanofluid. Lubrication effect of nanofluid is
more prominent for rough surfaces. Limited studies on techno-eco-
nomic performance of nanofluid are available in open literature con-
sidering stability. There are limited studies on stability of nanofluid at
high pressure which has relevance in enhanced oil recovery and hy-
drate formation applications. There are also limited studies on use of
graphene quantum dot as a nanoparticle and stabilizer for nanofluid
applications. More studies on quantum dot as a potential nanoparticle
may enhance the usability of nanofluid for industrial application.
Overall, more systematic study on design of nanofluid for specific ap-
plications should be carried out from stability perspective. Authors
hope that this review will bring the spotlight on the issues related to
nanofluid stability and challenges associated with its industrial viability
in wider applications. Nanofluid offers significant future scope for use
in diverse range of applications.
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