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Abstract

Nanofluid is a suspension of nanoparticles which is promising heat transfer fluid in the heat transfer enhancement hav-
ing a plethora of applications because of its superior thermal conductivity and rheological properties. This paper points
out the previous studies and recent progress in the improvement of heat transfer using nanofluid. The recent progresses
on preparation and enhancement of stability were reviewed. Thermophysical, heat transfer characteristics of nanofluid
and different factors such as particle size, shape, surfactant, temperature, etc. on thermal conductivity were presented.
The present study reveals potential applications by utilizing nanofluid such as heat exchanger, transportation cooling,
refrigeration, electronic equipment cooling, transformer oil, industrial cooling, nuclear system, machining operation,
solar energy and desalination, defense, etc. Few barriers and challenges were also addressed. Finally, the challenges and
further research opportunities were presented.
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List of symbols Subscripts

w Weight bf Base fluid

Gy Specific heat nf Nanofluid

K Thermal conductivity np Nanoparticle

T Temperature Abbreviations

Kz Boltzmann constant .

r Apparent radius of clusters HTF Heat transfer fluid

< PP . . . MWCNT  Multi wall carbon nanotube

@ Heat capacity of the fluid per unit volume

. ; ) CNT Carbon nanotube
u Brownian velocity of the nanoparticles
p EG Ethylene glycol
Nu Nusselt number . .
Re Reynold number EO Engine oil
y PVD Physical vapor deposition

Greek symbol EDLRF Electrical double layer repulsive force

¢ Volume concentration ZSN Zeta sizer nano

P Density TEM Transmission electron microscopy

C Zeta potential SDBS Sodium dodecyl benzene sulfonate

v Sphericity SDS Sodium dodecyl sulphate

T Relaxation time PVP Polyvinylprolidone

U Dynamic viscosity DTAB Dodecyltrimethylammonium bromide
OA Oleic acid

B Abu Raihan Ibna Ali, abu.raihan.pilu@gmail.com; Bodius Salam, bsalam@cuet.ac.bd | 'Department of Mechanical Engineering,
Chittagong University of Engineering & Technology, Chittagong 4349, Bangladesh.

®

Check for
updates

SN Applied Sciences (2020) 2:1636 | https://doi.org/10.1007/542452-020-03427-1

SN Applied Sciences

A SPRINGERNATURE journal


http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-020-03427-1&domain=pdf
http://orcid.org/0000-0003-0073-404X

Review Paper

SN Applied Sciences (2020) 2:1636 | https://doi.org/10.1007/s42452-020-03427-1

EMT Effective medium theory

VCRS Vapour compression refrigeration system
PWR Pressurized water reactors

ECCS Emergency core cooling systems

CHF Critical heat flux
DASC Direct absorption solar collectors

1 Introduction

Over decades, growing engineering disciplines are con-
cerned with rapid heat transfer. Researchers are relent-
lessly working to enhance heat transfer rate, thermal
conductivity and at the same time they are also trying to
reduce frictional loss, pressure drop and pumping power
for heat transfer fluid (HTF). A new type of HTF is engi-
neered which provides improved thermal properties for
heat transfer which is called as nanofluid. Nanofluid is
prepared by suspending a small quantity of nanoparticles
in base fluids such as water, ethylene glycol etc. with or
without stabilization techniques. The average size of nano-
particles is below 100 nm.

In 1981, Tuckerman familiarizes microchannel technol-
ogy and after 12 years (in 1992), Argonne National Labora-
tory starts to work on nanofluid and later in 1993 Choi and
Eastman termed these as“Nano fluid”. In 1999, Lee et al. [1]
investigated thermal conductivity of oxide nanoparticles
dispersed in base fluid. Eastman et al. [2] found increase
in thermal conductivity of ethylene glycol based nanoflu-
ids containing copper nanoparticles. Choi et al. [3] inves-
tigated thermal conductivity of nanotube suspension. In
2007, Das et al. [4] wrote the first book on nanofluids titled
as “Nanofluids: Science and Technology” published by
Wiley. Choi [5] suggested to use nanofluid in automotive
cooling system. Twelve European companies and research
centers launched world’s largest research project (€8.3 mil-
lion) on the application of nanofluid titled as NanoHex [6].

Additional heat is one of the common challenges in
different industries, manufacturing, heavy duties engine
and machines, electronic devices etc. Traditional HTF has
some limitations. Nanofluid overcomes some of these limi-
tations by improving thermophysical properties. Because
of enhanced thermophysical properties, nanofluids have
potential applications in automobile engine coolant, cool-
ing of high heat flux devices, coolant in electric genera-
tor, transformer etc. But Nanofluid developments are still
impaired by a range of factors such as stability, lack of
good theoretical model and mechanism understanding,
production complexity, high production cost etc. In this
regard, a comprehensive review of nanofluid research will
enable researchers to understand the current research gap
and recent developments of nanofluid which is the main
objective of this paper.
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Incorporation of nanoparticles dramatically improves
the thermophysical properties of traditional heat transfer
fluid which increase the heat transfer coefficient. These
thermophysical properties are density, specific heat,
thermal conductivity, and dynamic viscosity. The degree
of enhancement of heat transfer depends on quantity of
nanoparticles which is suspended in the base fluid. Metal
oxides (Al,O5, CuO, TiO,, ZnO, MO, SiC etc.) are preferred
as nanoparticles which have high thermal conductivity.
Nitride ceramics (AIN, SiN), carbon ceramics (SiC, TiC) are
also used as nanoparticles. Commonly used base fluids
are water (H,0), ethylene glycol (EG), engine oil (EO) etc.
Table 1 demonstrates thermal conductivity of different
types of nanoparticles.

Recently, Peyghambarzadeh et al. [15] investigated
Al,O3/water nanofluid in the car radiator and found 45%
heat enhancement than pure water. Nguyen et al. [16]
carried out experiment Al,O;/water at 6.8% volume nano-
particle concentration in the radiator type heat exchanger
and found 40% increase in heat transfer coefficient. Hwang
et al. [17] demonstrated that 8% enhancement of heat
transfer coefficient was attained for the 3% volume con-
centration of Al,O3/water nanofluid. Chavda et al. [18]
investigated friction factor CuO/water nanofluid on dif-
ferent pipe and found that friction factor increases when
volume concentration of CuO/water nanofluid increases.
The increase in effective thermal conductivity and the vari-
ations of other thermophysical properties contribute in
the enhancement of heat transfer. Many researchers con-
sider that the Brownian motion of nanoparticles is also
responsible for the large amount of heat transfer. Xuan and
Roetzel [19] suggested to include the Brownian motion
in the velocity formulation. The thermal boundary layer
decreases because of random motion of nanoparticles

Table 1 Thermal conductivity of different nanoparticles

Nanoparticles Thermal conductivity Refer-
W/(m-K) ences
Diamond 3300 [7]
MWCNT 2000-3000 [8]
SiC 490 [9]
Ag 429 [10]
Cu 398 (11l
Au 315 [11]
Al 247 (11l
Si 148 [7]
MgO 54.9 [12]
AlLO; 40.0 [13]
CuO 329 [71
Zn0O 29.0 [14]
Tio, 84 [14]
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within the base fluid [20]. Gupta et al. [21] concluded that
percolation, Brownian motion, and micro level convection
are liable in enhancement of heat transfer. Researchers
also found better result with the incorporation of nano-
particles in energy storage design [22].

The present work focuses on existing knowledge and
research gap of preparation, enhancing techniques of sta-
bility, thermophysical properties, heat transfer characteris-
tics. Also, the potential application fields of nanofluid are
discussed in this review paper. Finally, the challenges and
future research scope of nanofluid are mentioned.

2 Advantages of nanofluid

Heat transfer improves much for the addition of a small
volume fraction of nanoparticles. Researchers are still
investigating the advantages of nanofluid and reasons
behind this heat transfer enhancement. Many research-
ers concluded as follows [23-27].

e The effective thermal conductivity of the fluid is
increased by the dispersed nanoparticles. Effective
thermal conductivity is a function of nanoparticle vol-
ume fraction. It increases for the increase in volume
fraction of nanoparticles.

e Interaction between base fluid & nanoparticles
increases because of increased specific surface area of
particles.

e The dispersed nanoparticles create Brownian motions
which increase interaction and collision between fluid
and particles.

e The dispersed nanoparticles intensify the turbulence
and mixing fluctuation.

e The pumping power is comparatively less than base
fluid for equivalent heat transfer.

e Absorption of solar energy can be increased with the
help of nanofluid.

e Stability is better than other colloid suspension.

3 Preparation of nanofluid

Nanofluids are prepared by dispersing nanoparticles in the
base fluid. Good dispersion is prerequisite for the applica-
tion of nanofluid. Hence surfactants are used sometimes
which enhance the stability of nanofluids. Besides, surface
modification of the dispersed particles and application of
strong force on the clusters of the dispersed nanoparticles
may increase the stability of nanofluids. There are two fun-
damental methods to prepare nanofluids which are one-
step and two-step physical. Chemical process is another
emerging technology in preparation of nanofluids. The

percentage of volumetric concentration is calculated from
the Eq. (1)

Wy

Pnp

—— [x 100 1
Y (1)
pnp Pof

Volume concentration, ¢p =

where W, is weight of nanoparticles, W, is weight of base
fluid, p,, is density of nanofluid, and p, is density of the
base fluid.

These processes are shortly discussed below.

3.1 One-step method

In this method, some processes are avoided like drying,
storage, transportation, and dispersion of nanoparticles.
Stable nanofluid is prepared by Physical Vapor Deposition
(PVD) technique in which direct evaporation and conden-
sation of nanoparticles are carried in the base fluid. Pure
and uniform nanoparticles are produced by this method.
Hence accumulation of nanoparticles is reduced. The main
drawbacks of one- step method is that the residual reac-
tants are left in the nanofluids and also the cost is high.
Zhu et al. [28] prepared Cu nanofluid one-step method.

3.2 Two-step method

This is the most economic method for large scale prepa-
ration of nanofluid. In two-step method, the nanoparti-
cles are obtained by different methods and then these
nanoparticles are dispersed into the base liquid for the
desired nanofluid. This production process is inexpensive
and massive. The main drawback of two- step method is
aggregation of nanoparticles. Because of instability, sur-
factant is used. This is the commercial method to prepare
nanofluid. Most of the researchers prefer this method in
preparation of nanofluid for research. Zhu et al. [29] used
two step method to prepare Al,O;/water nanofluid. Fig-
ure 1 demonstrates the two-step method.

3.3 Stability of nanofluid

Stability of nanofluid is important to get the same ther-
mophysical properties. Stability of nanofluid is related to
electrical double layer repulsive force and Van der Waals
attractive force. Electrical Double Layer Repulsive Force
(EDLRF) must be higher than the Vander Waals attrac-
tive forces to get stable nanofluid. Van der Waals attrac-
tive forces between nanoparticles causes to get clustered
because of attraction forces. If this force is high, nanopar-
ticles get separated from base fluid and these clustered
nanoparticles settle down at the bottom of vessel because
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Fig. 1 Two step method

of gravitational force. On the other hand, EDLRF acts as
opposite to Van der Waals attractive force which separates
the particles from each other. Figure 2 demonstrates the
sedimentation of Al,O; nanoparticles without stabilizer at
different time from the preparation of nanofluid.

4 Evaluation of nanofluid stability

Stability of nanofluid is important to get constant thermo-
physical properties. Researchers have been adopted dif-
ferent evaluation techniques to investigate the stability of
nanofluid. Some common methods are described below.

5 hrs

Fig.2 Sedimentation of Al,O; nanoparticles without stabilizer [23]
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4.1 Sedimentation photograph method

This method is also called photographic method. It is
the simplest method which does not need sophisticated
equipment. Particle settling is observed by relying on grav-
ity. It is time consuming as nanofluid is observed for long
time. In this method, pictures are captured by digital cam-
era at equal intervals of time from the time of nanofluid
preparation. To evaluate nanofluid stability, these pictures
compared. It is called stable if there is no sedimentation
occurs. Stability of CuO nanofluid was investigated by
Sahooli et al. [30]. Other nanofluids including Cu/water
& kaolinite/ water are also observed by some researchers
using this method [31, 32].

3 hr 2 hrs 1 hr

|
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4.2 Centrifugation method

Centrifugation method is the time saving method than
sedimentation photograph method. Sedimentation takes
place more rapidly as centrifugal force is higher than the
gravity alone [33]. Mehrali et al. [34] examined the sta-
bility of graphene/distilled water by this method where
dispersion analyzer centrifuge was used. Nanofluid was
centrifuged at 6000 rpm for a certain period such as 5,
10 and 20 min in a plastic tube. The bottom of the tube is
examined visually after the centrifugation. Their investiga-
tion gave satisfactory result in evaluating the stability of
nanofluid at 6000 rpm for 20 min. Same method was also
adopted by Singh and Raykar [35] in Ag/ethanol nanofluid.
Sedimentation takes much time and high rpm in centrifu-
gation method if the nanofluid is stable.

4.3 Zeta potential

Zeta potential is the potential difference between the
stern layer of nanoparticle and base fluid. Generally, it
is measured in millivolt. Zeta Sizer Nano (ZSN) is used
to measure the value of zeta potential in which Smolu-
chowski equation is used to calculate zeta potential [36].
Short- and long-term stability of nanofluid can estimated
from the value of Zeta potential. The stability of nanofluid

Table 2 Evaluation of nanofluid stability by Zeta potential [39]

Value zeta potential, { Stability

> +60mV Excellent stability
+40mV <{ < +60mV Stable
< +30mV Highly agglomerative

is higher if the absolute value of zeta potential is higher
[37]. Nanofluid with lower pH shows higher zeta poten-
tial [37]. Stability of nanofluid is determined comparing
the data showed in Table 2. The value of zeta potential
is a function of pH. Hence, zeta potential of a nanofluid
is different at different pH value. Sardarabadi et al. [38]
evaluated the stability of K-CNT and Na-CNT nanofluid by
measuring zeta potential.

4.4 Electron microscopy method

Most of the researchers now adopt electron microscopy
method in addition with other method. This method needs
sophisticated equipment called Transmission Electron
Microscopy (TEM) device which capture electron micro-
graph. The resolution of images captured by this device
is high. There is a possibility of sedimentation if clusters
of nanoparticles are detected in the image. Zhu et al. [28]
evaluated the stability of Cu nanofluid by TEM. Jalal et al.
[40] used the same method for evaluating the stability of
ZnO/glycerol nanofluid. TEM of stable nanofluid are dem-
onstrated in Fig. 3.

5 Techniques of enhancing nanofluid
stability

Density of nanofluid over different time can be measured
with three-digit accuracy by laboratory density and con-
centration measurement device such as digital density
meter. A circulating fluid temperature bath is used to main-
tain and measure the density of the specimen of nanofluid
at different temperatures. But calibration and a benchmark
test are required before measuring the desired nanofluid.

Fig. 3 TEM of a nano-alumina nanoparticles b nano-copper nanoparticles [41]
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Some researchers used Anton-Paar digital density meter
to measure the density of different nanofluid [42, 43]. Dif-
ferent methods have been developed in enhancing nano-
fluid stability. Addition of dispersant, and sonication are
the notable methods. Addition of dispersant is the most
economical method.

5.1 Dispersant

Addition of dispersants or surfactants is the common
method in enhancing the stability of nanofluid which
prevents the agglomeration of nanoparticles by reduc-
ing the surface tension of the base fluid. But excess use of
dispersant may deteriorate the thermophysical properties
of nanofluid including decrease in thermal conductivity
as well as degradation of chemical stability [44]. Hence,
dispersant should be used in optimum quantity. Sur-
factants chemically consists of two portions, hydrophilic
polar head group and a long-chainhydrocarbons called
hydrophobic tail. Some common dispersants are Sodium
dodecyl benzene sulfonate (SDBS), Gum arabic, Sodium
dodecyl sulphate (SDS), Polyvinylprolidone (PVP), Dode-
cyltrimethylammonium bromide (DTAB), Oleic Acid (OA),
etc. Besides, surfactants like Disponil A 1580, Hypermer LP,
Aerosol TR-70, Aerosol TR-70 HG, and Aerosol OT-70 PG are
also used in particular case.

Jalal et al. [40] used ammonium citrate dispersant to
enhance stability of ZnO/glycerol nanofluid. SDBS disper-
sant was used to enhance stability of Al,O;/water nano-
fluid by Zhu et al. [28]. 1-2.5 wt% of Gum arabic (GA) was
used by Rashmi et al. [45] as dispersant in enhancing the
stability of carbon nanotubes (CNTs) nanofluids.

Asadi et al. [46] conduct an experimental investigation
to study effect of surfactant on the stability of Mg(OH), /
water nanofluid. SDS, Oleic Acid, and CTAB were used as
surfactant. Sedimentation Photograph Method was used
to observe the stability for 30 days and found that sur-
factant enhances the stability of Mg(OH), / water nano-
fluid. CTAB surfactants showed the best result among
three surfactants. Visual sedimentation of this experiment
is shown in Fig. 4.

5.2 Magnetic stirring

Magnetic stirrer is employed in laboratory which use rotat-
ing magnetic field to increase the homogeneity of nano-
fluid by reducing sediment. Generally, two knobs are pre-
sent in a magnetic stirrer or magnetic mixer, left knob and
right knob. Stirring rate is controlled by the left knob. On
thee other hand, heating is controlled by the right knob.
Magnetic stirring technique is used by some researcher
before sonication [14, 47, 48]. Mansour et al. [49] used
magnetic stirring to prepare TiO, nanofluid.
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Fig.4 Effect of surfactant on Mg(OH), / water nanofluid (after
30 days) [46]

5.3 Sonication

Sonication method gives better dispersion which has less
probability of particle agglomeration than magnetic stirring.
Ultrasonic waves are applied in sonication method through
the nanofluid. Sonication helps to make more homogenized
suspension. To provide uniform dispersion, sonication is bet-
ter than magnetic stirrer. Two types of sonicates are avail-
able, bath type and probe type. Probe type sonication gives
better performance than bath type sonication. The agglom-
erated nanoparticles are subjected to vibration by the
ultrasonic waves when sonication is applied. The cavitation
bubbles grow until critical state which are generated during
sonication. The hot spots are created which are combination
of very high local pressure and temperature. The hot-spots
are generated during the critical state. The agglomerated
particles are broken down by these hot spots [37, 50]. The
optimum sonication time is not still determined perfectly.
Witharana et al. [51] sonicated ZnO, AL,O,, TiO, nanofluid
for 16 h. On the other hand, TiO, nanofluid was sonicated in
ultrasonic bath for two hours by Ghadim and Metselaar [52].
The optimum sonication time increases with the increase in
volume fraction of nanofluid [37]. The stability of nanofluid
decreases if sonication time exceeds optimum time [37, 46,
50, 53, 54]. The effect of sonication time for Mg(OH), / water
nanofluid on the zeta potential is illustrated in Fig. 5.

6 Heat transfer modeling of nanofluid

Heat transfer modeling of nanofluid is important to under-
stand the behavior of nanofluid. It is the prerequisite for
the application of nanofluid. Currently there are different
heat transfer modeling which are described below.
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Fig.5 Sonication time effect for Mg(OH), / water nanofluid on the
Zeta Potential [46]

6.1 Dispersion model

Xuan and Roetzel [55] studied nanofluid by assuming that
heat transfer in nanofluid depend on two factor which
are higher thermal conductivity and stable dispersion of
nanofluid. They also assumed that irregular movement of
the nanoparticles induces small perturbations of both the
temperature and velocity of the nanofluids. To handle the
thermal dispersion, they proposed a dispersion model.

6.2 Particle migration model

Wen and Ding [56] adopted this model to develop a theo-
retical model in laminar pipe flow. This model considers
shear-induced migration mechanism [57]. Another crucial
two mechanism involves in this model which are migration
because of induced viscosity gradient, and self-diffusion
because of Brownian motion.

6.3 Single-phase model

In single-phase model, base fluid and nanoparticles
are considered as one component. This model was first
adopted by Choi [58]. In this model, traditional heat trans-
fer equations are solved for nanofluid by changing ther-
mophysical properties of nanofluids.

6.4 Two-phase model

In this model, the two components are fluid phase and
nanoparticles and Brownian diffusion and thermophoresis

are important slip. Both are accountable in heat transfer
enhancement. Absolute velocity of nanoparticles is calcu-
lated from the sum of relative slip velocity and base fluid
velocity. Buongiorno [59] included nanoparticle continuity
equation which was coupled with the energy equation.
Later, Rahman et al. [60] carried out investigation on this
model.

7 Thermophysical properties of nanofluid
7.1 Density of nanofluid

Density of a substance is the ratio of mass to volume. The
widely used equation to estimate density is the classical
mixture law. By the classical mixture law, density of nano-
fluid can be expressed as,

Pnf = pnpd) + (1 - (»b)pbf (2)

7.2 Specific heat of nanofluid

Specific heat of a substance is the amount of heat added
or rejected to change the temperature by one degree.
Calorimetry meter is used to measure the specific heat.
Based on mixture law specific heat of nanofluids can be
expressed as a function of the volume concentration and
density of individual element using following equation
[611.

Cpnf = Cpnpd) + (1 - d))cpbf (3)

This equation is widely used in estimating specific heat
of nanofluids. Assuming thermal equilibrium, Xuan and
Roetzel [19] proposed specific heat of nanofluid as follow-
ing equation which is widely used.

_ ¢pnpcpnp + (1 - d))pbfcpbf
Pnf

Pnf

where
Pnf = pnpd) + (1 - d))pbf (5)

Zhou et al. [62] showed that Eq. (3) give satisfactory
result only at low concentrations. Hence, Eq. (5) is widely
used in research of nanofluid for wide range of volume
concentration.

7.3 Thermal conductivity of nanofluid

Maxwell [63] gave thermal conductivity model for
solid-liquid mixtures based on Effective Medium Theory
[EMT] which is applicable for spherical sized particles as
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the following equation. This thermal conductivity model
is for solid-liquid mixtures of relatively large and low
concentration particles.

Kor Ko+ 2ker + 26 (k, — kyr ) "
kbf kp + Zkbf - d)(kp - kbf)

Later, Hamilton-Crosser [64] proposed a model con-
sidering shape factor which is generalization of the Max-
well model as Eq. (7)

kor Ky (0= Dy = (n = (ko — k) )

Ky ky + (0 = Dk + (ks — k)

where

n= i 8
v (8)

n=empirical shape factor, dimensionless, y = sphericity,
dimensionless, y = 1 for spherical

Pak and Cho [61] gave the following formula for Al,O,
/Water nanofluid derived from classical model.

knf _
=1 4747¢ 9)
Kof

Li and Peterson [65] proposed a temperature depend-
ent (27 °C<T <36 °C) equation for Al,O5/Water nanofluid
as Eq. (10)

k
k—”f =1+ 0.764481¢) + 0.01868867T — 0.46214175  (10)
bf

Xuan et al. [66] gave a model considering Brownian
motion as Eq. (11)

Ko Ky + 2Kpr — 2(Kpr — Kp)(pk . ppdCy [ KT
kbf Kp + 2be + (be - Kp)¢ of Zkbf 37TI'C/4

(1)

Where

Kz = Boltzmann constant,
clusters

Xue [67] devised a model for CNTs based nanofluid
which is based on the Maxwell theory. The proposed
model included space distribution as well as axial ratio.

r. = Apparent radius of

1— ¢+ 29— |n Stk
k¢ ky—Kef 2k
k. = P o +k (12)
b 1=+ 2t |n

ko—Kof 2ky¢

Yang et al. [68] proposed a model considering Brown-
ian convection in the nanofluid as Eq. (13). The model
was devised from kinetic theory of the nanoparticles.
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Ko ky, + 2kye + 2(k, — kg )b
Kot | Ky + 2kpr — 2(k, — ks )

2
kbf + 157.5¢Cfupf

(13)

where C; =Heat capacity of the fluid per unit volume, u, =
Brownian velocity of the nanoparticles, r =Relaxation time

7.4 Dynamic viscosity of nanofluid

When two adjacent fluid layers relatively moves each
other, the resistance of fluid flow is expressed as dynamic
viscosity which is the ratio of shear stress to the shear
strain rate. Experimentally, dynamic viscosity can be
measured through using viscometer. Einstein [69] equa-
tion is the prominent model in estimating dynamic viscos-
ity which has the drawback of low volume concentration
(¢ <0.02) and expressed as,

ot

=1+425¢ 14
Hof (14)

Brinkman [70] proposed a formula which is applicable
up to volume concentration 4%.
Bt o 1 .
Hor (1= ¢)>° (15)

Abu-Nada [71] and Namburu et al. [72] investigated
heat transfer enhancement of Al,O; /Water and Al,O; /
EG (60%)-W (40%) nanofluid and proposed tempera-
ture-dependent model of Egs. (16) and (17) for dynamic
viscosity.

pp = —0.155 — 12282 4 47044 1 209;42.47
~0.192¢% - 8.1 1% _zﬂﬁﬂ
+0.127¢% + 1.6044(% + 2.1754% "
09 i) =4 (17)

Where

A = —0.29956¢ + 6.7388¢ — 55.44¢ — 236.11 (18)

(= 6.4745¢ + 140.03¢? — 1478.5¢) + 20341

B
106

(19)

Equation (17) is applicable for temperature
of —35°C< T<50°Cand particle volume concentration of
1-10%.

Batchelor [73] provided the following equation consid-
ering the Brownian motion of particles.
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Bof _ 1 4 25¢+654 (20)

Hof

Pak and Cho [61] studied Al,O; /Water, TiO, /Water
nanofluid at room temperature and showed that Eq. (21)
satisfy dynamic viscosity.

Bnf 1 439.11¢ + 533.9¢7 1)

Hof

Nguyen et al. [74] proposed a temperature dependent
model of Eq. (22) while Wang et al. [75] gave a model of
Eg. (23) depending on particle concentration.

Bt — (21275 - 0.0215T +0.0002772) 22)
Hof
Bl — 14736 +123¢2 (23)
Hof

Naddaf and Heris [76] investigated diesel oil based
nanofluid and evaluated viscosity and density for a tem-
perature range 5-100 °C. The investigation shows that vis-
cosity and density of nanofluid decreases with the increase
in temperature.

8 Impact of different factors on thermal
conductivity

Thermal conductivity of nanofluid largely depends on the
type of base fluid, type of nanoparticles, particle size, par-
ticle shape, and temperature.

8.1 Base fluid

Thermal conductivity of nanofluid depends on the thermal
conductivity of the base fluid. Nanofluid possesses higher
the thermal conductivity if the thermal conductivity of the
base fluid is high.

8.2 Nanoparticles

Generally, metal oxides are used as the dispersed particles
in the base fluid because of its chemical stability. In addi-
tion, pure metal is expensive. The thermal conductivity
of nanofluid depends on the type of nanoparticles used
in the base fluid. Nanoparticles are preferred which pos-
sesses high thermal conductivity.

8.3 Nanoparticles concentration

Thermal conductivity of nanofluid increases if the nano-
particle concentration increases [77-79]. Most of the

effective thermal conductivity model provided by the
researchers are based on the nanoparticle concentration.
Both the linear and the non-linear relationship between
thermal conductivity and nanoparticular concentration
was established by researchers. Zhu et al. [77] found non-
linear relationship in case of Fe,0;/water nanofluid. Barbés
et al. [78] studied CuO nanofluid and found a linear rela-
tionship. A nonlinear increase in thermal conductivity of
MWCNT nanofluid was found by Ding et al. [80]. Xie et al.
[81] also found nonlinear relationship in case of glycol
based CNT nanofluids.

8.4 Particle size

Nanofluid is prepared by nanoparticles with diameter of
1-100 nm. Thermal conductivity of nanofluid also depends
on the size of nanoparticles and has an inverse relationship
[82]. The thermal conductivity of nanofluid get improved
with the decreased nanoparticle size. If the particles are of
small size, Brownian motion becomes prominent. Hence,
chaotic movement increases in the base fluid. Hence, ther-
mal conductivity of nanofluid get increased. The surface to
volume ratio increases if the size of particle decreases [83].
Teng et al. [84] investigated the effect of Al,O; nanoparti-
cles size on the thermal conductivity of Al,O;/water nano-
fluid. Enhancement of thermal conductivity was found in
their investigation.

8.5 Particle shape

Hamilton-Crosser equation of thermal conductivity dem-
onstrates that thermal conductivity also depends on the
shape of nanoparticles. Shape of the particles may be dif-
ferent types like spherical, cylindrical or rod type, blade,
brick type shapes and so forth. Effect of particle shape on
Al,O;/EG-water was investigated by Timofeeva et al. [85]
and found that cylindrical shaped nanoparticles possesses
highest thermal conductivity. Brick shaped nanoparticles
possess higher thermal conductivity than platelet and
blade shaped nanoparticle [86].

8.6 Temperature

Thermal conductivity of nanofluid is the tempera-
ture dependent property [87]. Researchers have found
improved thermal conductivity of nanofluid with the
increase in temperature. Brownian motion is liable because
of this enhancement. Thermal conductivity increases with
the increase in temperature as Brownian motion gets more
vigorous. Das et al. [88] investigated Al,O5;/water and CuO/
water nanofluid and found improved thermal conduc-
tivity with the increase in temperature. Li and Peterson
[89] found the same result with Al,O;/water nanofluid.
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Duangthongsuk and Wongwises [90] carried out experi-
ment on TiO,/water nanofluid with temperature between
15-30 °C and found increased in thermal conductivity.
Naddaf and Heris [91] found increase in thermal conduc-
tivity with the increase in temperature for graphene/ DO
and CNT/DO nanofluids.

8.7 Surfactant

Surfactants are used to enhance the stability of nanofluid
by reducing agglomeration of nanoparticles. Surfactants
reduce thermal conductivity of nanofluid, while improv-
ing stability. Khairul et al. researched CuO/water nanofluid
with SDBS surfactant and discovered that thermal conduc-
tivity decreases after the addition of surfactant. Nanofluid
thermal conductivity decreases with an increase in sur-
factant concentration [92]. Surfactant has lower thermal
conductivity than the base fluid. As a result, effective ther-
mal conductivity reduces. Therefore, surfactant should be
used at optimum concentration.

9 Heat transfer characteristics

The heat transfer characteristics of nanofluid depends
on different factors including thermophysical properties
of base fluid and nanoparticles, nanoparticle concentra-
tion, nanoparticle size, presence of surfactants etc. Hence,
functional form of Nusselt number of nanofluid can be
expressed as [93],
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Fig. 6 Comparison of Nusselt numbers with different correlation [98]

Nu = cRe'Pr®* (27)

Maiga et al. [97] proposed a correlation for Nusselt num-
ber of Al,O;/water nanofluid as,

Nu = 0.085Re®”"Pr®3>for 6.6 < Pr < 13.9& 10* < Re < 5% 10°
(28)

Yarmand et al. [98] numerically investigated Al,O;/
water nanofluid and compared the numerical result with
Dittus-Boelter [99], Gnielinski [100], Pak and Cho [61], and

Nu = <Re, Pr, T ( ) , &, size of particle, shape of particle, flow structure> (24)
bf \Pop)pr

Heris et al. [94] numerically investigated Al,O;/water
nanofluid in a triangular duct and found that Nusselt
number increases with the decrease in particle size and
increase in volume fraction.

Pak and Cho [61] proposed a correlation of Eq. (25) for
Al,O; /Water, TiO, /Water nanofluids in turbulent flow.

Nu = 0.021Re®®Pr®*for 6.54 < Pr < 1233 & 10* < Re < 10°

(25)

Xuan and Li [95] studied CuO /Water nanofluid in turbu-

lent flow and gave the correlation of Eq. (26). On the other

hand, a new correlation of Eq. (27) for Nusselt number was
given by Das et al. [96]

Nu = 000591 +7.628643%%%0Pel ™! ReO#ZEP04  (36)
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Maiga [97]correlation. Figure 6 illustrates that the numeri-
cal result is the closest to Pak and Cho correlation.

10 Applications of nanofluid
10.1 Heat exchanger

Different types of heat exchanger including shell and
tube, plate type, microchannel type, compact, and so
forth are being widely used in the heavy industry, pro-
cessing industry, etc. Recently, researchers are trying their
utmost to increase the heat transfer performance of heat
exchanger by substituting traditional heat transfer fluid
with nanofluid [101]. MWNT/water nanofluid was inves-
tigated in shell and tube type heat exchanger by Lotfi
et al. [102] and found incredible heat transfer enhance-
ment because of the presence of multi-walled nanotube
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particles. Farajollahi et al. [103] investigated the effects of
volume concentration of nanoparticles and Peclet number
of Al, Os/water and TiO,/water nanofluids in shell and tube
type heat exchanger. They found higher heat transfer coef-
ficient in case of nanofluid. Pantzali et al. [104] performed
experimental and CFD analysis of CuO/water nanofluid in
plate heat exchanger. The investigation showed higher
thermal conductivity of nanofluid. Asirvatham et al. [105]
found 69.3% increase in heat transfer coefficient using sil-
ver nanofluid in double pipe heat exchanger because of
the 0.9% volume fraction of nanoparticles. Besides, com-
pact heat exchanger was investigated using nanofluid by
Leong et al. [106], Huminic [107], and Vasu et al. [108] and
found enhancement of heat transfer. Nanoparticles can
be used for water desalination in solar heat exchanger.
The rate of evaporation and condensation increases if
nanoparticles are used in the solar system which is more
cost effective [109]. Taghizadeh-Tabari et al. [110] investi-
gated the performance of TiO, nanofluid using plate heat
exchanger for milk pasteurization industry. All volume
fraction of TiO, nanofluid showed higher heat transfer rate.

10.2 Transportation cooling system

Automotive and heavy-duty engines are associated
with a plethora of heat. Engine may get damaged if this
unwanted heat is not dissipated rapidly. The common
coolant used in automotive cooling system is Ethelene
glycol based HTF containing the volumetric ratio of EG to
water of 60/40, 50/50. Ethelene glycol mixed with water
increases the freezing temperature of pure water. More
efficient and compact cooling system can be designed by
using nanofluid. For the first time, Choi [5] suggested to
use nanofluid in automotive cooling system. Al,O;/water
nanofluid enhances heat transfer up to 45% in the car
radiator than pure water [15, 16]. Heris et al. [111] found
55% enhancement of heat transfer coefficient in case of
CuO/ EG-water nanofluid compared with EG-water base
fluid. Samira et al. [112] also investigated CuO/ EG-water
nanofluid in car radiator and found that incorporation of
nanoparticle increase heat transfer rate though pressure
drop increases at the same time.

10.3 Refrigeration

The performance of CNT, gold and HAuCl4 nanoparticles
suspended in Polyalkylene Glycol lubricant was investi-
gated by Mohan et al. [113] in Vapour Compression Refrig-
eration System (VCRS). The outcome of their research was
tremendous in the nanofluid research in refrigeration.
Compression work reduces with the increase in volume
fraction of nano-lubricant which enhance the COP. The
COP increased by 31.7% with the incorporation of 0.1%

gold with 0.005% CNT in Polyalkylene Glycol lubricant and
exergy loss reduced by 8% at the same time. Wang et al.
[114] investigated R22 refrigerant with Al,O; nanoparticles
and observed enhanced heat transfer characteristics. The
height of boundary layer decreases because of the addi-
tion of nanoparticles in the refrigerant which enhances the
flow boiling heat transfer [115]. Sheikholeslami et al. [116]
carried an experimental investigation using R600a/0il/CuO
nano-refrigerant. Their investigation reveals that boiling
heat transfer increases with the increase in nanoparticle’s
concentration.

10.4 Electronics equipment

In power generation industry, transformer cooling is
important. Kulkarni et al. [117] applied Al,O5 nanofluid as
jacket water coolant in a diesel electric generator to dissi-
pated excess heat. Researchers are relentlessly giving their
effort to reduce transformer size and weight by enhanc-
ing cooling system. Nanofluid can be a potential alterna-
tive by improving properties of conventional transformer
oil [118]. Chips of electronic equipment produces much
unnecessary heat which must be dissipated rapidly for the
long lifespan of electronic equipment. Jang and Choi [119]
recently designed a microchannel heat sink where nano-
fluid was used as HTF. Their investigation gave satisfactory
result than pure water. Much electricity can be saved by
improving efficiency of chiller with the help of nanofluid.
Thermosyphon is now used for cooling the internal com-
ponents of computer including processor. Researchers
investigated different nanofluid in thermosyphon [120].
The heat transfer performance of thermosyphon largely
depends on the thermal conductivity of the working fluid.
If the thermal conductivity of working fluid of thermosy-
phon increases, the boiling heat transfer also increases
in nucleate boiling regime [121]. Sardarabadi et al. [38]
conducted an investigation of Na-MWCNT/water and K-
MWCNT/water nanofluid in TPCT for the purpose of elec-
tronic chip cooling. Na-MWCNT/water nanofluid showed
higher thermal efficiency than K- MWCNT/water nanofluid.

10.5 Transformer oil

Transformer oil based nanofluids are promising because
of higher thermophysical properties than conventional
transformer oil. Carbon nanotubes (CNTs) have enhanced
thermophysical properties than other materials [122-125]
Beheshti et al. [126] investigated oxidized MWCNTs nano-
fluid based on transformer oil. The investigation shows
that incorporation of oxidized MWCNT in transformer
oil enhance both free and forced convective heat trans-
fer rate. Also flash point increases by 4.6% because of
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the incorporation of 0.001 mass percentage of oxidized
MWCNT nanoparticle.

10.6 Industrial cooling

Heavy duty machineries running all the day in the pro-
duction of goods produce a large amount of unwanted
heat which must be removed rapidly to avoid damage of
the machineries. Nanofluids can be used as HTF in these
machineries. Again, much energy can be saved in asso-
ciated with nanofluid in industrial applications like cool-
ing and heating of water resulting in less carbon dioxide
emission to the environment [127]. About one trillion Btu
energy can be saved by altering conventional HTF with
nano fluid in USA [128].

10.7 Cooling of nuclear system

The power density is much high in the nuclear systems.
Nanofluid has potential application as the main reactor
coolant for Pressurized Water Reactors (PWR), Emergency
Core Cooling Systems (ECCS), etc.[129].

10.8 Machining operation

Nanofluid demonstrates better result than conventional
cutting fluid for machining operation which prevents
the burning of the tool and workpiece [130, 131]. A large
amount of heat generates during the grinding machin-
ing operation such as grinding, drilling, tapering etc. This
excess heat must be dissipated rapidly in order to protect
the work piece from phase transformation, thermal distor-
tion, and residual stress. Crack may initiate, If the excess
heat is not dissipated rapidly. The Critical Heat Flux (CHF)
of coolant can be enhanced by substituting nano-coolant.
Nano-coolants with high CHF protect from the thermal
damage of the workpiece [130]. Salimi-Yasar et al. [131]
used TiO,/ soluble oil nanofluid as cutting fluid during
drilling and found that nanofluid causes less amortization
and temperature of drilling.

10.9 Geothermal energy extraction

Geothermal energy is a renewable and sustainable energy
resource. The estimated equivalent power of geothermal
energy is 42 million MW which is expected to last for bil-
lion years. Nanofluid can extract more geothermal energy
and can produce more power in Rankine cycle. The effi-
ciency of the system can be increased by using nanofluid
in geothermal boreholes and heat exchanger. Dene-
shipour and Rafee [132] carried an investigation of Al,O5/
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water and CuO/water nanofluids as circuit fluid in geother-
mal borehole heat exchanger. The extracted heat by CuO/
water nanofluid was higher than Al,O;/water nanofluid.
The extraction of heat increases with the increment of
volume fraction.

10.10 Solar energy and desalination

There have been several investigations in the field of the
solar collector based on nanofluid that demonstrate bet-
ter result than the base fluid [133-136]. Saffariana et al.
[137] found 78.25% increase in heat transfer by using CuO/
water nanofluid in wavy pipes solar collector. Li et al. [138]
used EG-based SiC-MWCNTs hybrid nanofluid in direct
absorption solar collectors (DASC). Their investigation
found 48.6% higher solar-thermal conversion efficiency
than pure EG in DASC. Choudhary et al. [139] found an
increased in thermal efficiency by 16.36% using MgO
nanofluid than EG/DW in solar collector.

Many researchers carried out investigation on solar
thermal desalination systems using nanofluids which give
more potable drinking water by increasing efficiency [140,
141]. Parsa et al. [142] experimentally studied solar desali-
nation system with silver nanofluid. Their study reveals
that incorporation of silver nanoparticles increases the rate
of heat transfer and at the same time, silver nanoparticles
acts as anti-bacterial agent.

10.11 Defence

Most of military vehicles and equipment have heavy duty
engines resulting production of much heat where high
heat flux coolant is required. Defence equipment including
submarine, fighter jet etc. must be compact with a good
cooling system. Nanofluids have a great potential applica-
tion in this equipment.

11 Drawbacks of nanofluids

e Sophisticated equipment is used to produce nanopar-
ticles. Hence, production cost of nanofluid is high.

e Stability of nanofluid is poor without surfactant.

e Pressure drop and pumping power is increase with the
increase in the density and viscosity of fluid. Density
and viscosity of nanofluid is much higher than the
base fluid. Hence pressure drop and pumping power
of nanofluid is also higher than the base fluid.

e Specific heat of nanofluid is less than the base fluid.
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12 Conclusions and future work

The present study presents recent developments of nano-
fluid in heat transfer enhancement. The study extends
to the preparation of nanofluid, stability of nanofluid,
enhancing the stability of nanofluid, thermophysical prop-
erties, heat transfer characteristics, application. Nanofluid
has some challenges for which further research should be
conducted. Some probable studies that can be carried out
in future research are listed below:

e Preparation of nanofluid is costly. Hence, efforts are
required to identify cost-effective techniques for the
nanofluid preparation.

e Stability is the main challenge of nanofluid which is
crucial in the application as heat transfer fluid. More
researches are required though some techniques are
adopted in enhancing stability of nanofluid. The opti-
mum time of sonication and magnetic stirring is not
determined yet for different types of nanofluid. Moreo-
ver, optimum concentration of surfactant is not deter-
mined yet.

e The combination of different nanoparticles is not yet
touched. Hence, effort can be made to find out the
thermophysical properties of hybrid nanofluid.

e MWCNT demonstrates high thermal conductivity but
very few studies have been carried out regarding the
thermophysical properties and heat transfer charac-
teristics of MWCNT. Research can be carried out for
MWCNT nanofluid.

e Correlations for the thermophysical properties and
heat transfer characteristics of different nanofluid are
not yet been formulated. Researchers can carry out
investigation in order to formulate new correlation of
different nanofluid.

e There are many potential applications of nanofluid.
Researchers have applied nanofluid in different fields
such as heat exchanger, industrial cooling, automotive
cooling system, nuclear systems, solar absorption, etc.
More researches should be carried out before the appli-
cation of nanofluid in nuclear system and some other
fields.
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