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Advances in technology miniaturization with increasing power density call for new technologies for
enhancing heat transfer. Enhancement of heat transfer with the use of nanofluids has been a hectic
topic of research and development since the term “nanofluid” was first used in 1995, mainly because
the thermophysical properties of nanofluids in most reports in the literature showed supremacy or
improvement over their base fluids, which may not allow fulfillment of the present cutting-edge tech-
nology needs. Significant progress in this field has been made in the past two decades. This review
summarizes a variety of the experimentally measured thermal properties of common nanofluids, the
enhancement mechanisms discovered or hypothesised, the models used for properties and heat trans-
fer characteristics, and the applications of nanofluids for enhancing heat transfer. The model of an
artificial neutral network is particularly emphasized. Applications to cooling technology, renewable
energy and energy systems, and building technology are detailed. Challenges and areas for future
research are identified.
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1. INTRODUCTION

Heat transfer enhancement or augmentation or intensification refers to the improvement of ther-
mal performance of any heat transport process, heat exchanging medium, component, device,
or equipment. It could mean that the heat transfer rate of a given surface is increased; the peak
temperature of a chip hot spot is reduced; the critical heat flux for pool boiling heat transfer
is soared; the thermal conductivity, specific heat capacity, or latent heat of an energy storage
medium is raised; etc. A variety of techniques or methodologies can be applied to such effects.

In the literature (Bergles et al., 1983, 1991; Bergles, 1998; Webb and Kim, 2005), the
methodologies for augmenting convective heat transfer were generally classified into three cat-
egories: passive techniques, active techniques, and compound techniques. The passive ones do
not require external power through techniques such as extended surfaces (fins), rough surfaces,
treated surfaces, dimples and protrusions, inserts, coiled tubes, swirl-flow devices, displaced en-
hancement devices, or fluid or particle additives; whereas, the active techniques require external
power to bring about the effect, including mechanical aids, surface vibration, fluid vibration,
electric or magnetic field, injection, suction, jet impingement, etc. Compound enhancement
combines two or more of the above techniques to produce an effect that is larger than any of
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NOMENCLATURE
Cp, heat capacity, kJ/ké Greek Symbols
d diameter, m o« thermal diffusivity
Dy, hydrodynamic diameter, m (m?/s)
f friction factor u  viscosity, kg/(ms)
k thermal conductivity, W/(nK) p  density, kg/m
Kg Boltzmann constant ¢  volume fraction
m  mass, kg
Nu  Nusselt number Subscripts
Pe  Peclet number b base fluid
Pr  Prandtl number cl  cluster
Re  Reynolds number eff effective
r radius, m nf  nanofluid
T  temperature, K p particle

the enhancement techniques operating separately (Beg§l&$). Bergles (2002) considered

the compound techniques as the fourth-generation heat transfer technology or third-generation
enhancement. The current state-of-the-art heat transfer enhancement techniques are achievable
via nanotechnology, e.g., surface phonon polaritons (Shen et al., 2009), near-field enhancement
(Song et al., 2015), and molecular or atomic level engineering (Xu et al., 2018). Heat transfer
manipulation via use of thermal metamaterials (Han et al., 2014) that will enhance heat transfer

in certain directions also fits into the category of heat transfer enhancement.

As devices in modern technology continue to require increased power capabilities with re-
duced spatial profiles, it is critical to explore a multitude of methods for enhancing heat transfer
(Kuzma-Kichta and Leontiev, 2018). For example, rapid cooling of such devices is a key issue in
high-tech industries such as microelectronics and high-end military weapons. Conventional ap-
proaches by using fins and microchannel sinks have already stretched to their limits. Therefore,
there is an urgent need for new methods and innovative concepts to achieve ultrahigh heat flux
removal or supply. Heat transfer enhancement is now a major area of research and development
in thermal management (Nasir et al., 2018; Terekhov et al., 2018), electronic components (Yil-
mazoglu et al., 2019), electronics packaging (Abbood et al., 2018; Zhang et al., 2019a), energy
and power industry (Alva et al., 2018; Wang et al., 2019; Zhang et al., 2019b), new building
technology (lasiello et al., 2018; Huang and Deng, 2018), engines (Dong et al., 2019; Kim,
2019), aerospace technologies (Matysiak and Platek, 2019; Ligrani et al., 2019), etc. It was esti-
mated that at least 10% of the archival heat transfer literature was directed toward enhancement
(Bergles and Manglik, 2013). Because heat transfer research in the micro-/nanoscales and the
molecular and atomic levels also contributes to this effect and has been swiftly increasing in the
past decade, the research in augmentation of heat transfer expands substantially.

The late Ralph L. Webb with the late Arthur E. Bergles foundedJihwernal of Enhanced
Heat Transferin 1993. The journal was first published in 1994 and has a wealth of archival
papers on many aspects of enhanced or high-performance heat and mass transfer. Some excellent
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review articles published recently in this journal included heat transfer enhancement for turbine
blade internal cooling (Wright and Han, 2014), heat exchangers (Zimparov et al., 2016; Thome,
2017a; Samokhvalov et al., 2018), heat pipes (Cao and Faghri, 2017), horizontal tube falling
film and flooded evaporators (Balaji et al., 2018), solar air heaters (Sahu and Prasad, 2016),
boiling and evaporation (Tong et al., 2017; Shatto and Peterson, 2017; Thome, 2017b), extended
surfaces and rough surfaces (Shome and Jensen, 2017; Taylor and Hodge, 2017; Chamra and
Webb, 2017), and a brief review of 2018 literature on enhanced heat transfer (Guo, 2019), to
name a few.

Many other journals in thermal sciences, energy, and fluid flow have also documented a large
number of papers contributing to heat transfer enhancement research and development. For ex-
ample, excellent reviews worthy of mention include heat transfer enhancement with nanoflu-
ids (Kakac and Pramuanjaroenkij, 2009, 2016; Hussein et al., 2014), enhanced thermal energy
storage with phase-change materials (Ibrahim et al., 2017; Lin et al., 2018), swirl flow devices
(Sheikholeslami et al., 2015), enhancing the performance of solar collectors (Akbarzadeh and
Valipour, 2018; Bellos et al., 2018), nanofluids in porous media (Kasaeian et al., 2017), com-
pound enhancement techniques (Rashidi et al., 2019), etc.

Given the overwhelming amount of technical information and the explosive growth in this
field, it would be a formidable task to look at everything. The present author initially intended
to write a comprehensive review on “recent trends in heat transfer enhancement research and
development.” Instead, he found that the contents for the single topic on nanofluids for enhancing
heat transfer are sufficient to form a lengthy review paper.

A topic search in the Web of Science conducted on July 24, 2019 with keywords “nanofluid”
or “nanofluids” resulted in 2,388, 3,109, and 3,201 papers for each year in 2016, 2017, and 2018,
respectively. Figure 1 presents the publication number data acquired from such topic searches
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FIG. 1: Numbers of published papers indexed in the Web of Science through a topics search in the re-

search areas of heat transfer (H.T.), heat transfer enhancement (H.T.E.), nanofluids (NF), heat transfer with

nanofluids (NF H.T.), and heat transfer enhancement with nanofluids (NF H.T.E.)
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for the period from 2009 to 2018. The research papers on heat transfer (search #1 with key
word “heat transfer”) have seen a steady increase from 8,723 in 2009 to 17,010 in 2018, a 95%
increase in 10 years. The ratio of heat transfer enhancement papers (search #2 with key words
“heat transfer enhancement” or “heat transfer augmentation” or “heat transfer intensification”
or “enhanced heat transfer” or “augmented heat transfer” or “intensified heat transfer”) over the
heat transfer (search #1) research steadily increased from 16% in 2009 to 27% in 2018. This
indicates that the research on heat transfer enhancement has become more and more important.
In the same period, the research papers on nanofluids (search #3 with key words “nanofluid”
or “nanofluids”) have been hiked from 345 in 2009 to 3,201 in 2018, an increase of 827.8%;
whereas, the ratio of heat transfer enhancement with nanofluids (search #4 with combination
of search #2 and search #3) over the nanofluid research varies in a narrow range of 40% (in
2015) and 50.2% (in 2011). Figure 1 also plots the percentage ratio of heat transfer research in
nanofluids (search #5 with combination of search #1 and search #3). Clearly, the research on
nanofluids has been dominantly focused on heat transfer.

In recent years, numerical and experimental studies combining nanofluids, ribs, and/or in-
serts for enhancing heat transfer have been conducted (Pal and Bhattacharyya, 2018; Arul-
prakasajothi et al., 2018; Kumar et al., 2019; Mageshbabu et al., 2019). Effective thermal con-
ductivity, viscosity, and specific heat capacity of nanofluids were measured (Chitra et al., 2015;
Sertkaya, 2018). Numerical modeling of nanofluids flow and heat transfer in microchannels for
enhanced cooling technology has been performed (Nandakrishnan et al., 2018; Bianco et al.,
2018; Ragani and Bahrami, 2019; Toghraie et al., 2019). Enhanced heat conduction and pool
boiling were investigated with nanoscale graphene coated on various substrates (Diaz and Guo,
2019). Effects of Lorentz forces (Li et al., 2019) and magnetic field (Dehghani et al., 2019) on
nanofluid flow have been considered. Entropy generation with use of nanofluids was analyzed
(Ismael et al., 2018; Kaya et al., 2019). Nanofluids have also been applied to enhance heat trans-
fer in heat exchangers (Khanlari et al., 2019) and heat pipes (Sozen et al., 2018). Performance
of hybrid nanofluids with two or more types of nanoparticles (NPs) has been explored (Hassan
et al., 2018; Parsian and Akbari, 2018).

With a primary focus on assessing the recent trends and challenges and potentials for contin-
uous growth in heat transfer enhancement with nanofluids, the rest of this paper is organized into
several sections in conjunction with the property characterization, modeling, and applications of
nanofluids for heat transfer. In Section 2, the thermophysical properties of common nanofluids
and heat transfer characteristics are summarized. In Section 3, the enhancement mechanisms are
briefed. In Section 4, thermal models are recapped and compared to experiments. The artificial
neutral network (ANN) approach is particularly emphasized. In Section 5, applications to heat
transfer enhancement are provided, in which cooling technology, solar energy and energy stor-
age, and building technology are also involved. Finally, some challenges and areas for future
research are envisioned. This review does not provide information on the synthesis of NPs and
the preparation of nanofluids. Interested readers could find many review articles involving these
areas, such as in Wang and Mujumer (2007), Yu and Xie (2012), and Sezer et al. (2019).

2. THERMAL PROPERTIES AND CHARACTERISTICS
2.1 Stability

Low thermal conductivity is a primary limitation in conventional heat transfer fluids such as
ethanol, heating oil, and water. High-conductivity millimeter- or micrometer-scale particles have
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been added to fluids to enhance heat transfer; however, rapid settling of these particles in fluids
as well as clogging or corrosion in the flow channels has been a major hurdle to develop useful
suspensions for practical applications. Choi and Eastman (1995) at Argonne National Laboratory
proposed the term “nanofluid,” which is a fluid containing a small quantity of nanometer-sized
particles (:-100 nm) that are uniformly and stably suspended in a base fluid. Electrostatic re-
pulsive forces between NPs and steric stabilization enabled the long-term stability of the colloids
(Yuetal., 2017). The NPs used in nanofluids for heat transfer purpose are typically made of high
thermal conductivity metals (e.g., Au, Ag, Cu), metal oxides (e.g@0O4l CuO), carbides (e.g.,

SiC), and carbon in various forms [e.g., carbon nanotubes (CNTSs), fullerene, diamond, graphite,
graphene].

Common base fluids include water, organic liquids, oils, lubricants, biofluids, polymeric so-
lutions, and other common liquids. One important factor when choosing a heat transfer fluid is
its compatibility with the thermal system in the real world. Other considerations include high
thermal conductivity and specific heat, low viscosity and freezing point, high flash point, low
toxicity, and thermal stability (Li and Peterson, 2006), etc. On the basis of these criteria, wa-
ter, ethylene glycol (EG), and oil are the most commonly used base fluids. Apart from liquid
metals, water has the highest thermal conductivity of any liquid. At 30°C and 1 atm, the ther-
mal conductivity of water is 0.6259 W/(id) and that of ethylene glycol is 0.2463 W/{i)
(Pastoriza-Gallego et al., 2011). Though EG has a low thermal conductivity, it could provide
freeze protection that is beneficial in many applications. Use of oils has advantages for energy
storage because of their large heat capacity.

The agglomeration of NPs results in not only the settlement and clogging of heat transfer
microchannels but also the decreasing of thermal conductivity of nanofluids. The stability of
nanofluids has a vital role in extending its shelf life and preserving the thermophysical prop-
erties. Yu and Xie (2012), Setia et al. (2013), and Yu et al. (2017) provided excellent reviews
on the evaluation methods for the stability of nanofluids, the ways to enhance the stability, and
the stability mechanisms. The simplest method for evaluating the stability of a nanofluid is the
sedimentation method (Li et al., 2007; llyas et al., 2014). Other methods include the centrifu-
gation method (Li and Kaner, 2005; Mehrali et al., 2015), the Zeta potential analysis (Fedele et
al., 2011), and the spectral absorbency analysis (Hwang et al., 2007). Colloids with high zeta
potential (negative or positive) are electrically stabilized; whereas, NPs with low zeta potentials
tend to coagulate or flocculate. Kim et al. (2009) prepared Au nanofluids with an outstanding
stability, although no dispersants were observed. The stability was attributed to the large negative
zeta potential of Au NPs in water. Lee et al. (2014) proposed an innovative method to evaluate
dispersion stability of nanofluids, in which the particle volume fraction change was identified by
monitoring the suspension density using a hydrometer, and the particle size distribution change
was analyzed using the dynamic light scattering method. Lemes et al. (2017) used multivariate
image analysis to evaluate nanofluid stability. Evaluation of the thermal conductivity changes
in nanofluids, caused by the sedimentation of NPs, was also proposed as a stability measuring
approach known as thex3method (Martinez et al., 2018).

Adding dispersants is an effective method to enhance the stability of nanofluids (Tiara et al.,
2017). Michael and Iniyan (2015) prepared the CuO/water nanofluid with the inclusion of sur-
factant sodium dodecyl benzene sulfonate (SDBS), as it provided the best CuO NP dispersion
stability compared to pure water suspension and Triton X-100 surfactant suspensions. Of course,
surfactants might cause some problems (Chen et al., 2008): they may contaminate the heat trans-
fer media, and the surfactant molecules attaching on the surfaces of NPs may enlarge the thermal
resistance between the NPs and the base fluid, which may limit the enhancement of the effective
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thermal conductivity (Zhou et al., 2012). Commonly used surfactants for nanofluids were avail-
able in Tiara et al. (2017). It should be pointed out that surfactants alone can alter heat transfer
as well. Inoue et al. (2004) carried out experiments on nucleate pool boiling of water and wa-
ter/ethanol mixtures with perfluoroalkyl compound on a wire and stated that the surfactant has
little effect on critical heat flux (CHF). The presence of surfactant or polymer additives at low
concentrations in water has been found to enhance the nucleate boiling heat transfer coefficient
significantly (Wasekar and Manglik, 2017).

Use of surfactant-free functionalized nanopatrticles is a promising approach to achieve long-
term stability of nanofluid. Yang and Liu (2010) presented a work on the synthesis of func-
tionalized silica (Si@) NPs by grafting silanes directly to the surface of the NPs in solutions.
Zinc oxide NPs could be modified by polymethacrylic acid (PMAA) in aqueous system (Tang
et al., 2006) without altering the crystalline structure of the ZnO NPs. Han et al. (2016) showed
experimentally that the thermal management of a micro heater was substantially improved by
introducing alternative heat-escaping channels into a graphene-based film bonded to function-
alized graphene oxide through amino-silane molecules. Sonication can also be used to enhance
the stability of nanofluid by rupturing the NPs attractional force within the sediments (Mahbubul
etal., 2017). Manipulating the pH value of nanofluids changes the NPs surface and can strongly
improve the stability of the dispersed NP suspensions (Azizian et al., 2016; Mohammadi et al.,
2017; Witharana et al., 2013). Zhu et al. (2011) used a wet chemical method to prepare stable
CuO nanofluids.

The DLVO theory (named after B. Derjaguin, E. Verway, L. Landau, and T. Overbeek) ex-
plains the aggregation of aqueous dispersions (Missana and Adell, 2000; Popa et al., 2010; Yu
et al., 2017). It suggests that the stability of a particle in solution is determined by the sum of
van der Waals attractive and electrical double layer repulsive forces that exist between particles
as they approach each other due to the Brownian motion they are undergoing. If the attractive
force is larger than the repulsive force, the two particles will collide and the suspension is not
stable. If the particles have a sufficient high repulsion, the suspensions will exist in stable state.
Silver NP suspensions are very stable due to the protective role of polyvinylpyrrolidone (PVP),
as it retards the growth and agglomeration of NPs by steric effect (Singh and Raykar, 2008).
PVP is also an efficient agent to improve the stability of graphite suspensions (Zhu et al., 2007)
and silica aqueous suspensions (Perez Huertas et al., 2017).

2.2 Thermal Properties

Nanofluids have attracted increasing attention in recent years because of reports of greatly en-
hanced thermal properties. Thermophysical properties of a material affect the transfer and stor-
age of heat and vary with the state variables, such as temperature, pressure, composition, and
other relevant variables. These properties include thermal conductivity, specific heat capacity,
thermal diffusivity, thermal expansion, latent of heat, thermal radiative properties, etc. The ther-
mal conductivity of nanofluids depends on many factors except for the above-mentioned vari-
ables, such as concentration and agglomeration of NPs, particle-liquid interface, dispersion, in-
terphase interactions, size and morphology of NPs, pH value, and Brownian motion.

The effective thermal conductivity was shown to be increased by up to 40% for a nanofluid
consisting of EG containing: 0.3 vol % Cu NPs of mean diameter 10 nm (Eastman et al.,
2001), over 250% for a CNT-oil nanofluid of approximatelyl vol % (Choi et al., 2001), and up
to 86% by the dispersed graphene (5.0 vol %) in ethylene glycol (Yu et al., 2011). The transient
hot-wire method (Guo et al., 2018), the steady-state parallel plate technique (Wang et al., 1999),
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and the temperature oscillation technique (Das et al., 2003a) have been employed to measure
the thermal conductivity of nanofluids. In general, nanofluids are electrically conductive; it is
difficult to apply the ordinary transient hot-wire technique directly. A modified hot-wire cell and
electrical system was proposed by Nagasaka and Nagashima (1981) by coating the hot wire with
an epoxy adhesive that has excellent electrical insulation and heat conduction. However, Das
et al. (2003a) pointed out that possible concentration of ions of the conducting fluids around the
hot wire may affect the accuracy of such results. The oscillation method is purely thermal, and
the electrical components of the apparatus are removed from the test sample; thus, ion movement
should not affect the results.

It should be stressed that Putnam et al. (2006) did not observe significant enhancement in
the thermal conductivity of nanofluids with small volume fractions of NPs such as C60—-C70 and
Au. The observed largest increase in thermal conductivity for 4 nm Au particles is 1.3% + 0.8%,
which was conflicted with the anomalous results of Patel et al. (2003). As Yang et al. (2013)
noted, some nanofluid studies show inconsistency and controversy, reporting enhancement under
some conditions and even deterioration under other conditions (Chien and Chuang, 2007; Lee
and Mudawar, 2007). Excellent discussions on this issue may be found elsewhere (Wang and
Mujumder, 2007; Cheng et al., 2008; Kakac and Pramuanjaroenkij, 2016; Hussein et al., 2014;
Pryazhnikov et al., 2017; Raeisian et al., 2019).

Compared to the studies on thermal conductivity, there were limited rheological studies and
heat capacity measurements reported in the literature. Pak and Cho (1998) measured the viscos-
ity of alumina/water and titania/water nanofluids at 1-10 vol % and found it to be much higher
than that of pure water. The measured dynamic viscosity using a parallel plate rheometer for
the CuO/water nanofluid is 7% lower than that measured by an Ostwald viscometer (Michael
and Iniyan, 2015). The impacts of temperature, NPs mass fraction, and base fluid types were
investigated on the dynamic viscosity of CuO nanofluids by Abdollahi et al. (2018). Their re-
sults indicated that by adding a tiny amount of CuO NPs to base fluids, relative viscosity of
nanofluid increases. With the increase in temperature, the value of relative dynamic viscosity
decreases significantly. In addition, their results declare that viscosity of nanofluid remains con-
stant at various applied shear rates, indicating Newtonian behavior of nanofluid at various NPs
load and temperature. While in the studies of hybrid nanofluids of multiwall carbon nanotubes
(MWCNTs) MWCNT/TiO,-SAEA40 oil (Esfe et al., 2018) and MWCNTs/Ti@vater/EG (Esfe
et al., 2019), the relation between viscosity and shear rate showed that behavior of the nanoflu-
ids is similar to behavior of non-Newtonian fluids. Bashirnezhad et al. (2016) reviewed recent
experimental studies on viscosity of nanofluids. A comprehensive assessment on rheological
characteristics of nanofluids for heat transfer applications is reported by Sohel Murshed and Es-
telle (2017). Azmi et al. (2016) reviewed the enhancement of effective thermal conductivity and
effective dynamics viscosity of nanofluids. Measuring the viscosity of nanofluids is necessary
for designing thermal systems and estimating the required pumping power as use of nanofluids
may increase pumping power.

Nanofluids can be used for energy savings in energy storage and waste heat recovery systems
(Shahrul et al., 2014). Specific heat capacity is necessary to analyze energy and exergy perfor-
mances and thus, an important thermal property for nanofluids. Vajjha and Das (2009) measured
the specific heat of three nanofluids containing@y, ZnO, and Si@ NPs. Sekhar and Sharma
(2015) investigated viscosity and specific heat of water-basg@-Alanofluids at low particle
concentrations. Robertis et al. (2012) used the differential scanning calorimetry technique to
measure specific heat in Cu-EG nanofluids and found that the specific heat decreased for NPs
suspension in the base fluid and increased with the increase of temperature. Elias et al. (2014)
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reported a similar trend for AD; nanoparticles suspended in car radiator coolant. Akilu et al.
(2018) also confirmed this tendency for {80 wt %)-CuO/C (20 wt %)-EG/glycerol hybrid
nanofluids without surfactant.

However, the opposite trend as the specific heat nanofluids decreased with increase of tem-
perature was observed by Saeedinia et al. (2012) for CuO-pure engine oil nanofluid. Michael
and Iniyan (2015) found a decrease of specific heat with 0.05 vol % addition of CuO NPs in
water. On the other side, anomalous enhancement of specific heat capacity of silica nanofluids
(Donghyun and Debjyoti, 2011) has been reported. Hentschke (2016) claimed that specific heat
enhancement requires one or both of the following to be true: (i) every particle is surrounded by
a nanolayer with &, exceeding the bulk fluid’€’, , by a large factor, and (ii) the effect of the
particles on the base fluid has a long range (100 nm or more), which only requires a moderate
change of specific heat in the attendant mesolayer. A relationship between the ionic exchange
capacity of NPs and the specific heat enhancement of salt-based nanofluids was proposed by
Mondragon et al. (2018). Moldoveanu and Minea (2019) measured specific heat of simple and
hybrid oxide-water nanofluids.

It is a common practice to present the thermal conductivity enhancerhgitcf) of a
nanofluid to its base fluid against NP volume or mass fraction and temperature in conjunction
with other parameters, such as particle size. There is a lot of data on thermal properties available
in the literature. Table 1 only selectively lists the thermal conductivity enhancement data and the
relative viscosity flerr/ 1), @s well as the enhancement of specific heat capaCityi{/ C, 1) for
some common nanofluids experimentally measured in recent years. Some of the studies listed in
Table 1 have measured all the three properties; whereas, many may have just measured one or
two types of the properties.

As aforementioned, many other thermophysical properties are also important and have been
investigated for nanofluids. For example, Wang et al. (2014) dispersedNIF® into a paraffin
wax (PW) matrix to prepare phase-change composite materials for enhanced energy storage and
found that the latent heat of fusion (including the solid—solid and solid—liquid phase changes) in-
creased from 167 kJ/kg for the matrix to 193 kJ/kg for the ,FKW composite at 0.7 wt % load
of NPs. Bhuiyan et al. (2015) found that the latent heat of vaporization of &@ TiG aque-
ous suspensions decreased with the increase in volume fractiom{@®5 vol %). Lee et al.

(2015) showed that latent heat of vaporization can be substantially increased in graphite-water
nanofluid, whereas substantially decreased in silver-water nanofluid. Nayak et al. (2010) found
that the nanofluids have greater volumetric thermal expansion coefficients as compared to that
of the base fluid. In their experiments, various NPs such g@AICuUO, SiQ, and TiQ respec-

tively were suspended in the water by ultrasonication. All nanofluids had the same concentration
of 1 wt %.

The density of a nanofluid can be measured as a ratio of the total mass of the NPs and base
fluid to the total volume, which may result in the mixture law for ideal mixtures, as follows:

Pt = (1 — @) Po + ©Pp 1)

Recent experimental measurements discovered that use of Eq. (1) may lead to erroneous re-
sults (Sharifpur et al., 2016). The accuracy of the account for volume fragppar(d particle
density pp) is the main cause. Under the ideal mixture assumption, Eq. (1) does hold, but the
particle density should be replaced by the bulk material density which is heavier than particles
density as porosity exists in particle powders. On the other side, the existence of nanolayer which
is an interfacial layer between particles and base fluid will effectively reduce the volume fraction

Journal of Enhanced Heat Transfer



A Review on Heat Transfer Enhancement with Nanofluids

. . M €5€
pauoads jou azis LOT7IOT  [EETWET | o 1on 120 1Mz (e8102)
dN ‘sioreipel red ul uonedljddy o M €2¢€ oV ‘e 18 Jewny
60'T—20'T 9CT-LTT % [OA T—2°0
OSBSIOU! S | »oogwuoy o (LT02) AIPIS
uOI1eJluaduU0d YIM Sasealdsp  [££8°'0—026°0 — LZT-v0'T % [OA 90°0~T0"0 181em-«O¢ |V ueuenapeys
daueoelNs se OO T-X UoIIL 0 :
S M 87€—86¢
. 6 TTTT | 0z 9 oA T°0
% I0A T°0 Ye 09y Wwu 0g 5 8YE—862
10} wu €°00¢ pue 09y wu €T OV’ T-GT'T .
0} WU T'TOT 9zIs ajonted Jarem — _ WUET %IOATO | jgem-e0Z |y . Mmomﬁo_mv
ul uoiresawo|Bbe uoirezipeuonouny IT'T-T | 186cu0e €19 ples
uonn|os %/e-10H % 10A 1070
. M 86C WU ET
STT-1T % [OA T°0~0
1a18woayy
ueloeuns se . A4 990°T . M 862 WU G/ i (5T0Z) UehIu|
21eUOJ|NS auazZuUa(g |A28POP WNIPOS 6v6°0 1918WO09ISIA €0cT % [OA GO0 191EM-0N9 pue |aeydIN
AQzyT'T
P e e | MEEEWUET
sKep 09 01 dn PaAIBSO Sem uon €86'0—866°0 L96°C-TT @QLv'1-L9T1T % [OA Z—2°0
-gluswipas aponted oN 'y g 01 dn ] ] ] ] ) I METESWUET v (€T02)
Uteq aiuosenn uijdey sem uopnjos [E86'0866°0 | 7L0T6T0T GLET-SETT| 'y "0 - . larem-"ofed & 19 Jepuns
ayl -adeys aigno ul are sdN ayl o ) | MeezwuET
€86'0—8660 | 680°C—€90'T 6¥Z'1T-€80°T % [OA Z2—2°0
syleway qdryme'dy O pHon Ay /42y sialaweled pinjjoueN ‘sjay

sJeaA Juadal ul painseaw Ajeluswiiadxa spinjjoueu UOWWOD 3Wos Jo saiadoid [ewlayl T 319Vl

Volume 27, Issue 1, 2020



Guo

10

M EVE WU Ov—0€

9’1201 .
- ~  Heszunopog| O
. ¢lem8ot % M G-500°0
AlaAnoadsal ‘94569
‘Ieyem |@/OnD ‘Joueyl®/ONd _ _ % M 575000 53-0nD R10paY
10 AJISOOSIA JIWRUAD ‘0 1M G 2/ T—v0'T M 86¢ WU 0v—0¢€ :
e D,0/ 01 GZ WOI) 8Se8Idul YIAA % M S—S00°0
. . M €€ WU 0F—0€
GZ2'T-20T .
- —  Hecrunopos| O™
79'T-€0'T 9% M 55000
oo A EVE—EBL
wnipaw Bulgiosge ayl se (95 M EICTT8ETT |y 0S%MMTO
T°0 ‘Wu §g) spinjoueu 0%H-nD : : M EVE-E6L JoTem-0n (s102)
Buisn yum 95£8°c2 Aq paoueyus o o SECTEIT |, GZ%IMMTO eM-On9 ‘e 19 aH
SeMm 10129]|02 Je|os Jo Aouaiolyg . | Merswugz
§GEC'T-TOLT'T % M T°0—T0"0
wu TOy—082 . . o emer o .~ M €62 WU 02—0T i
8IS 10 5215 BULIISNID 52vTT2v0T "0y co—co0-g | 'OUEWRW OIS (z102)
wu 8y T—0ZT . . e wu 05—0t ez ‘le 18 Bued
£ORY 10 821s BuLdISN|D /0T T-TTO'T % 10A S'0~500°0 |oueylaw-«Q¢|v
wu
8T —8¢0'T > €0E . |o.H uyered-,0¢ |y
% I[0A8'0-T0
ainjessdwsal wu (a8102)
pUie UOIeIUBOUOD Ul 8SBBI0U LUIM — — TT2'T-820°T ow_ wﬁw/mm.o%.w 93-80°% |V 219 Jewnyy
pasealoul AIAIONPUOD [eway v_o _mom LU OT
S90'T-TI0°T |, 10 8'0-T"0 larem-.Q? |y
syleway q'doype'dy Ori pHen Ay /4y sialaweled pinjjoueN ‘sjay

(penunuod) T 379VL

Journal of Enhanced Heat Transfer



11

A Review on Heat Transfer Enhancement with Nanofluids

19
0]

01

uonoel e —an- M €2€ WU OF
Anion 946570 pue wcmoo,m%cﬁ am OTT760T | veT™90T | o jongozo | Jolewo3a | (6T02) Tel8
0 ! ! . . M €62 WU O -COlL ewnyeuysuy
xe *(0t:09) 191rem-93 6T'T-20°T TT'T-€0T % |OA 8'0-2°0
sonel . . . .- 02:08 M £€GE—€0E
10 01 pasedw o9 Sk Jajsuel] 1eay LeT7v0T 180119901 1, 22 % O T
sobeiuenpe alow pey AUSOISIA : _
s1WreuAp pue AJAONPUOD 8y T-ZT'T |72l T-LL0T | Ncﬂomvw mono\mmm
[eway} ul Juswaosueyua . . . — 05:05 > £55—£0€ larem/93 (81T02)
oposopeauoo e | L PO Juugzgpont | OISFOULRiR el
J10J sonel wnwndo .Smuow. 7'1-¢0T |[2VT'T-680°T moiﬂvmvwmo\wm_ﬂ\mmm
ue ‘0%:09 ‘05:0S ‘09:0% ‘08:02) .
i ) e . 08:02 MESE-E0E
OISPIL (017:09) DI-191EM ISTOTT | 9TT-TOTT 177 06 jon T
ainjeladwal yum pasealoap M €GE—€0E
Bue pasealoul ypue 4 -(gpm $S8°07228°0 | OT'T-TST'T V62 T-920T | 6z 04 jon 2
7:09) ©3-(101994|6) © “JueIORLNS /94 (8102)
INOYIM SpInjoueu pUagAy S e . | Meogwugz | -O/OND-OIS e 38 Ny
% M 0Z) 5/0ND-(% W 0g) oIg 4687070060 |TSTT-LE0T 920T-TT0T | ‘o1 08 z—g'0
syleway q'drye'dy O e Ay /4y sialoweled pinjjoueN 'slay

(penunuod) T 3719VvL

Volume 27, Issue 1, 2020



Guo

12

. M EEE—E6C
¢0T90°T Mmﬁwuﬁa wu oy >
wdd g'zT
. M EEE—E6L
PO T-TT'T w%%uw WU oy >
wdd gz
uoloel) awnjon Buisealoul A EEE—EBC | M@ﬁ%m@v
yum pasealoul AlISOISIA pue — 90'T-ST'T TT-€E0'T | WUOY > | og/erem-n) Ipeqelog
AIAoNpu09 rewayl “(0£:02) ©3-191em wdd og rﬁm_\,hmw_w
S EEE—E62 PUE IeeX
60°T-LT'T ¢'T-vv0'T | Wuoy >
wdd g,
. M EEE—E6BL
8V0'T-STT'T |MNNHH wu oy >
wdd 00T
€040 AETE A EGE—E6BL
onel NS ue Je uabe Buisiadsip e se pappe E. 689 H wu 5e 0-0
SeM 9pIWOoIg wniuowweAyawnf1a) €9T7S9T | %I0NG
‘1o wayyexa) -ayuydelb =9 Q1L < A ESE—E6C
NO %S520°0 <ND %T0°0 ~ Y0IS < £0¢ IV S0T-srT | uluse 0-0 (4702)
~ By 2 :SMOJ||0} Se uanIb aq p|nod — — %l0NE e Hooowz._
gpInjoueU JO Jap.0 Ayl ‘anjen Aouaioiye Acte
5y} 01 BUIPJ022Y "UONY9||02 uondiosqe 11 wu 0s [16-nD
192.41p 8y} Jo Aouaiolys ayl anoidwi 0} % 0N T
sapuewlopad ajgeidasoe aney (nD ‘€O |V A GYE-S6¢Z
BIS ‘By ‘D) SAN ay1 ‘Ol 4o} 1deaxg OT'T-VT'T wu 0g lo-"v
%I0AT0
syleway g'drype'dy Al 4on GyHey  [sislaweled pinjjoueN 'slay

(panunuod) T 371gvL

Journal of Enhanced Heat Transfer



13

A Review on Heat Transfer Enhancement with Nanofluids

7.}

[<}]

U

. . M €5GE-€6¢
Wy oG —0z INoge are sisjewelp Jano pue | b LT700T T T % |OAT'0 191BM-LNOMIN
lUU QT—G INOQe ale sialawelp Jauul S} . . 3 862
IXe | NMIA 8y} 01 [9jjeed jsowe siake| - — 0€1-80°T | o \ong—1 | I"OLNOMW
adninw yum mojjoy st 8109 INMIA dUL . . ) 862
7¢T'T-10'T % |0A T-2°0 93-INOMI
.OQ.mr_w AHHONV
OLIBYAS LYIM WU 0 0} O W0y abue: — —  lreztvor |, 0% 93-0nd e ni
% [OAG—T
g$9|onsedoueu OnY palesawolbbe ay
‘'sadeys aJenbs pue [eauayds yum
uiu 00T 01 0G woJ) abuel uoneiswolbbe Ul G
SAN ND J0 asneoaq Jaye uiw oz Auun — — TO'T-8EC'T I 3¢ .o Jarem-n)d
. % I0AT0
noge Apybiis 1snl uayl pue ‘AIAIONpuUod
BUWLIBY Ul JUBWAIUBYUS 9%8°SZ Alleniu|
‘sajel Jeays
WO| e JuawiaIoul A)ISOISIA a|geyJeway M €0€ ( )
"ajoned jo uonebaibby “(5-HO) — — 9€'T-20'T | Wu0e—0T [lo-D | tetoe
_ _ . [e 10 Buem
esladsip ‘(auazuaqg|fe Aneay ‘0zeqn) % M v—G'0
10 Jajsuel] 1eay ‘(D) auydelb [epiojjod
o oner M 80E WU QT
2e0'T—20'T M 90-T'0
INdT ST 1 9% Mg Q Joj psydeal . _ M €0g wu QT i} (¥T02) e 19
Adua1011Ja 10199]]092 Jejos wnwindo | | /CO'T-9T0'T 0% IM 9°0—T°0 2310 uelwezwez
.t PI86C WUQT
¢0'T-10°T b M 9°0—T0
Syleway g'drye'dy Al 4on Ay /4y sialoweled pinjjoueN ‘slay

(penunuod) T 3719VvL

Volume 27, Issue 1, 2020



Guo

14

A

ANS02SIA DleWAUIY 10} S| Olel mcv_o_mcmm g
>u_m00w_> 9y 910N 'S|lo [edauiw - €0',L-L0¢ 9¢'1T-¢0'T wu 0T [10 dluiered-IND
dluiyesed pue /z9 seab |IqoN % |0A Z-T°0 (8102)
D sonsualoeIey? [eUORIadO pue S eTE Te 18 [Ireu
so1adoud Jueouqn| ayl panoiduwi Buoj wr g
Sky aAlppe Se S| ND Jo uoisiadsiq - G0'9—€0'T |LET-9C'T Wu 0T [10 [RJSUIN-LND
% 10AZ-T°0
(LNOMIA)
wu GT1—-4 (€Ol
et Ecm Mmmv_ﬁmoOw v
[|oM Se ajel Jeays uo spuadap . .
ISOOSIA "SpInyouRU pUgAy (0e-02)|  — _ Jlonsgo-s00|  O3HeEH {6102)
53-191eM (08-02) ZO1L-SLNOMI (LNOMW) | ~OLLISINOMA | 232 2453
8 T-8T'T wu GT-§ (¢011)
wu 0g M €8¢
D6 10N G8°0—S0°0
(LNOMIA)
"uonoel) SWNjOA pue ainjesadwa) wu gT—§ [10
E ||aM Se ajel Jeays uo spuadsp — GIET-L0T — (O1L) wu og or3avs . %m ww
Auso0osIA *(05-08) O'L-LNOMIN M €€€-86¢ -OIL/LINDOMIN 8199453
% |0A T-GZ90°0
syleway q'dryye'dy O Hen Ay /42y sialoweled pinjjoueN 'S1ay

(penunuod) T 3719VvL

Journal of Enhanced Heat Transfer



A Review on Heat Transfer Enhancement with Nanofluids 15

of the NPs. Sharifpur et al. (2016) found that the experimentally measured densities of nanoflu-
ids (SiQ—water, MgO-glycerol, CuO-glycerol, and SiOx-ethylene glycol/water for a range of
1-6 vol % as well as a temperature range of 10-40°C) are lower than the predicted values by
using Eq. (1).

2.3 Heat Transfer Characteristics

Recently, Raja et al. (2016) and Ganvir et al. (2017) conducted comprehensive reviews on heat
transfer characteristics of nanofluids. For forced convective heat transfer, Xuan and Li (2003)
experimentally investigated flow and convective heat transfer characteristics for Cu-water-based
nanofluids through a straight tube with a constant heat flux at the wall. Results showed that the
nanofluids give substantial enhancement of the heat transfer rate compared to pure water. Wen
and Ding (2004) reported experimental results for the convective heat transfét gOs-water-

based nanofluids flowing through a copper tube in the laminar regime and found that the inclu-
sion of Al,O3 particles can significantly enhance the convective heat transfer coefficient (HTC).
Ding et al. (2006) experimentally investigated the heat transfer performance of CNT nanofluids
in a tube, in which the observed HTC enhancement was much higher than the increase in the
effective thermal conductivity. Azmi et al. (2013) determined the HTCs and friction factor with
Si0O, nanofluid in a tube turbulent flow in the Reynolds number range of 5*td@7 x 1G. It

was found that the HTC increased with volume concentration up to 3.0% and decreased there-
after. Their results showed that the HTC decreases when the viscosity to thermal conductivity
enhancement ratio is 5.0.

Godson et al. (2014) carried out an experimental study on the heat transfer characteristics
of Ag-water nanofluids of concentrations 0.810.04% in the turbulent regime in a shell and
tube heat exchanger. They observed a maximum enhancement in convective HTC of 12.4%
and effectiveness of 6.14%. They attributed the HTC enhancement to the enhanced thermal
properties of the nanofluids and delayed development of the boundary layer in the entrance
regions due to addition of NPs. A recent review (Hussein et al., 2014) found that most of the
numerical studies are in agreement with the results of experimental work, and many of the studies
reported enhancements in the forced convective HTC with an increase in the concentration of
solid particles.

Figure 2 compares some HTC data extracted from Azmi et al. (2013), Godson et al. (2014),
and Kumar et al. (2017). In the experiments of Azmi et al. (2013), i@hofluids of various
concentrations were at 30°C bulk temperature, approximately; the nanoparticles were 22 nm in
diameter; and the tube was 0.016 mm in diameter. The HTC increased with volume concentration
up to 3.0%, in which enhancement varied between 29.6 and 38.5% in the Reynolds number
range tested. An apparent increase in the HTC is observed with increasing Ag concentration in
water in the experiments of Godson et al. (2014). The increase in the overall HTC is found to
be 13.2, 12.4, and 9.2%, respectively, for 0.04, 0.03, and 0.01% volume concentrations of Ag
NPs. The tube inner diameter was 4 mm. The averaged diameter of Ag particles was 54 nm.
HTC increase with increasing Reynolds number, and NPs concentration was also observed in
the results of Kumar et al. (2017) for f&,-water nanofluids. At a particle concentration of
0.06%, the HTC enhancement is about 9.76% and 14.7% at Reynolds number of 16,545 and
28,954, respectively. It should be pointed out that both Godson et al. (2014) and Kumar et al.
(2017) showed their data for various NP concentrations at same Reynolds number as the base
fluid. As we knew, the Reynolds number depends on kinematic viscosity of fluid in addition to
the characteristic length and flow velocity. Itis also well known that the addition of NPs in a base
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FIG. 2: Forced convective heat transfer coefficients for various nanofluids

fluid will vary the kinematic viscosity. Comparing experimental data at same Reynolds number
for the base fluid and nanofluids of various concentrations could have been an error. A similar
problem existed in many nanofluid studies presenting Nusselt number in the literature.

For natural convective heat transfer, Mahian et al. (2016) conducted both experimental and
theoretical studies of SiOnanoparticles of 7 nm in diameter suspended in water in square and
triangular enclosures. They found that the average Nusselt number decreases with an increase
in nanofluid concentration at Rayleigh numbers of 46d 16. They believed that the enhance-
ment of thermal conductivity and viscosity with increase of nanofluid concentration leads to the
reduction of the average Nusselt number, which was obtained through theoretical models. Since
the Nusselt number is a ratio of convection heat transfer to conduction heat transfer, the con-
duction heat transfer increases when the thermal conductivity increases and, hence, the Nusselt
number is reduced. Furthermore, an increase in viscosity in nanofluid leads to the reduction of
convection heat transfer. Moreover, particle loading results in a decrease in thermal expansion
coefficient and heat capacity, which will reinforce the reduction of average Nusselt number.

However, there are some inconsistent reports on nanofluid behavior in convection. Pak and
Cho (1998) studied heat transfer performance ef231(13 nm) and TiQ (27 nm) water-based
nanofluids in a tube. They found that the convective HTC of the nanofluids at 3 vol % was 12%
lower than that of pure water. A possible reason is that the suspensions have higher viscosity
than that of pure water, especially at high particle volume fractions. Yang et al. (2013) showed a
much lower increase of convective HTC with respect to the effective thermal conductivity. Pu-
tra et al. (2003) presented their experimental observations on natural convectioiOgfaiid
CuO-water nanofluids inside a horizontal cylinder heated from one end and cooled from the
other. They found a systematic and definite deterioration of the natural convective heat trans-
fer. The deterioration increased with particle concentration and was more significant for CuO
nanofluids. Wen and Ding (2005a) also found a decrease of natural convective HTC,of TiO
(30-40 nm) water nanofluids in a vessel as compared to that of pure water. Haddad et al. (2016)
studied natural convection of Sj@20 nm)-water nanofluid in an enclosure and found that un-
certainties in the predictive models for the effective thermal conductivity and dynamic viscosity

Journal of Enhanced Heat Transfer
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of nanofluids leads to erroneous evaluation of the convective heat transfer with nanofluids. The
heat transfer across the enclosure using different models can be enhanced or deteriorated with
respect to the base fluid.

Recent advances in miniaturization and manufacturing bring power densities to increasingly
higher levels. Only boiling heat transfer is suitable for such high heat flux removal or rapid cool-
ing. In falling film evaporation, both conductive and convective types of heat transfer take place
across the film thickness. Evaporation occurs at the liquid-vapor interface due to convective heat
transfer. Nucleate boiling occurs in the liquid-solid interface when the heat flux is increased
gradually. An enhanced CHF in pool boiling provides an increase in the safety margin of the
thermal system for many applications, such as microelectronics, power electronics, transporta-
tion, nuclear engineering, heat pipes, refrigeration, air-conditioning, and heat pump systems.

A dramatic increase~ 200%) of critical heat flux (CHF) compared to pure water was mea-
sured in pool boiling of AJOs-water nanofluid (You et al., 2003). Wen and Ding (2005b) found
that presence of alumina in the sphericaj@d—water nanofluid can enhance the boiling heat
transfer by~ 40% for a 1.25 wt % concentration of the particles. Nguyen et al. (2006) showed
enhancement of boiling heat transfer using@d—nanofluids. The CHF had considerably de-
creased with increasing particle concentrations. For distilled water, the value of CHF was 1192
kw/m?, which was quite close to that predicted by using the modified Zuber formula. The corre-
sponding values for nanofluids of 0.5, 1, and 2% concentration were 744, 690, and 422, kW/m
respectively. Thus, the decrease of maximum heat flux was nearly 65% for 2% nanofluid as
compared to distilled water. Zhou (2004) investigated experimentally the heat transfer charac-
teristics of Cu—acetone based nanofluids with and without acoustic cavitation. In an acoustic
field, the boiling heat transfer of nanofluids was enhanced and the boiling hysteresis disap-
peared. Sarafraz and Hormozi (2016) experimentally investigated the pool boiling heat transfer
of agueous MWCNT nanofluids on both plain and micro-fin modified surfaces. Their results
demonstrated that the pool boiling HTC on the plain surface was deteriorated, while for the
micro-finned surfaces, it was enhanced up to 56% and 77% for 0.1 and 0.3 wt %, respectively.
The modified surfaces decreased the rate of fouling in comparison with plain surface, which
improved the number of active nucleation sites and bubble formation. In addition, deposition of
CNTs on the surface caused some changes in surface characteristics such that the static contact
angle value was found to be decreased and surface wettability to be increased as well. In this
case, CHF was enhanced up to 95% (for 0.3 wt %).

Balaji et al. (2018) found that quite a few studies have been carried out for understanding
nucleate pool boiling of water- and refrigerant-based nanofluids. Park and Jung (2007a) con-
ducted a study on nucleate boiling of R123 and R134a with 1.0 vol % of CNTs. Up to 36.6%
heat transfer enhancement at low heat flux was observed. Further, no fouling was observed on
the surface with CNTSs. In another study of Park and Jung (2007b), R22- and water-based CNTs
(1.0%) nanofluids increased boiling HTCs up to 28.7%. With increasing heat flux, however, the
enhancement was suppressed due to vigorous bubble generation. Penetration into the thermal
boundary layer by CNTs to generate more bubbles at the surface seemed to be the key factor
for improved nucleate boiling heat transfer associated with the addition of CNTs. Saidur et al.
(2011a) studied the performance of the suspended NPs in refrigerants and lubricating oils. The
results indicated that HFC134a and mineral oil with 7I/IPs performed well and safely in re-
frigerators, leading to a superior performance. Kim et al. (2012) analyzed the falling film flow
of binary nanofluids to determine important parameters such asN#Rconcentration on the
distribution stability in the HO/LiBr nanofluids. Maximum improvement of heat transfer and
mass transfer is achieved around 46.8 and 18%, respectively, with 0.005 vol % concentration of
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SiO, NPs. Ruan and Jacobi (2012) investigated the characteristics of heat transfer of MWCNT
suspensions in intertube falling film flow. EG-based and water-based nanofluids are prepared at
concentrations of 0.05, 0.14, and 0.24 vol %. The results indicated an HTC increase up to 20%.

Pool boiling heat transfer using nanofluids of varying parameters, such as particle size, con-
centration, and surface roughness, has been a subject of many investigations, and incoherent
results—heat transfer enhancement, deterioration, and negligible effect—have been reported in
the literature (Trisaksri and Wongwises, 2007, 2009). Das et al. (2003b) carried out an experi-
mental study of pool boiling characteristics of,8s nanofluids. They found that the inclusion
of NPs degraded the boiling performance.

Sarafraz and Hormozi (2015) performed a set of experiments to quantify the pool boiling
HTC of dilute CuO-water nanofluids at concentrations of 0.1-0.4 wt %. To stabilize the two-step
nanofluids, pH control, stirring, and sonication were utilized. Surfactants of SDS, SDBS, and
Triton X-100 were used. Their results showed a significant deterioration of HTC of nanofluids
comparing to the base fluid in the absence of surfactants; however, in the presence of surfactant,
higher pool boiling HTC was reported. The inconsistencies indicate that the understanding of the
boiling heat transfer with nanofluids is poor. It has been realized that the physical properties of
nanofluids such as surface tension, liquid thermal conductivity, wettability, viscosity and density,
and surface contamination have significant effects on the nanofluid two-phase flow and heat
transfer characteristics, but the lack of the accurate knowledge of these physical properties has
greatly limited the study in this field.

3. ENHANCEMENT MECHANISMS

Nanofluids generally exhibit a substantial increase in thermal conductivity, convective heat trans-
fer coefficient, and critical heat flux compared to the base fluids. Godson et al. (2010) and Pinto
and Fiorelli (2016) summarized some common mechanisms for heat transfer enhancement. Ta-
ble 2 details the enhancement mechanisms proposed by researchers in the field.

TABLE 2: Enhancement mechanisms in nanofluids

It is the random motion of nanopatrticles suspended in a fluaitdu
collisions with the moving fluid molecules. Several studies suggest|jthe
Brownian motion of NPs at the molecular and nanoscale level is a key
Brownian mechanism governing the thermal behavior of nanofluids (Keblinski ¢t al.,

motion 2002; Jang and Choi, 2004; Koo and Kleinstreuer, 2005; Haddad et al.,

2012; Sheikholeslami, 2018). The model not only captures the
concentration and temperature-dependent conductivity, but also predicts
strongly size-dependent conductivity.

Thermophoresis is observed when a mixture of two or more tgpes
motile particles is subjected to the force of a temperature gradient. The
phenomenon is most significant in a natural convection process (Haddad
.Jetal., 2012). The patrticles travel in the direction of decreasing temperature
Thermophoresis . , .

and the process of heat transfer increases with a decrease in the bulk

density. Nanofluid properties may vary significantly within the boundary
layer because of the effect of the temperature gradient and thermophoresis
(Buongiorno, 2006).
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TABLE 2: (continued)

Diffusiophoresis

Diffusiophoresis occurs when there is a migration of patidlom a
lower concentration zone to a higher concentration one. Nanofluids
lose their non-agglomeration characteristics. Buongiorno (2006) h

19

may
as

stressed that the Brownian motion, thermophoresis and diffusiophoresis

are significant for enhancement.

Dispersion

Particles are dispersed in a suspension for long perioda&arfts and

surface functionalization can increase the stability. Pak and Cho (1998)
and Xuan and Li (2000) claimed that the abnormal increase in thermal
conductivity is due to dispersion. Combination of steric stabilization and

electrostatic stabilization is referred to as electrosteric stabilization
et al., 2017). Xuan and Roetzel (2000) proposed the thermal disper
mechanism to explain the enhancement of the HTC using nanofluidg
dispersion coefficient is related to the properties of the nanofluid

Yu
sion
. This

constituents, the flow pattern, the dimension and geometry of the NPs, and

the volumetric fraction. The coefficient is also a consequence of the

between the NPs and the base fluid and of the disturbances caused

NPs in the flow, due to the micro-turbulent movement of the particle
the base fluid.

Intensified
turbulence

In a turbulent flow, the effective thermal conductivity is igdimes highe

than the actual value. Similarly in nanofluids, such intensification i

believed to be possible due to the motion of NPs (Xuan and Li, 200

Buongiorno (2006) has claimed that due to the particle size, the effe
both dispersion and intensified turbulence are negligible.

Interface layer

A nanofluid is considered analogue to the structure of a coitgos
material, consisting of a core composed of the NP, an interface lay

slip
by the
5in

0).
cts of

er

containing intermediate properties surrounding this core, and a matrix

composed of the base fluid that immerses these two regions. Th
composition of these regions could form a multiphase system in whig
phase superposition would be the main factor responsible for enhar
the thermal conductivity of the mixture. The work in Keblinski et al
(2002) showed in favor of this theory, though the formation of an inte
layer can deteriorate the thermal conductivity of a nanofluid becaus
brings in a significant thermal resistance. The effect of a nanolayer
studied by Hentschke (2016) on specific heat and by Sharifpur et
(2016) on density.

e
h the
cing

face
e it

was
al.

Clustering

The enhancement mechanism of structuring and clusteringRtiasher
et al., 2006; Keblinski, 2007) proposes the use of particle clusters
equivalent thermal conductivity. Ding et al. (2007) found a good
agreement of this model with their experimental results. Neverthelg
several recent studies presented in Kaka¢ and Pramuanjaroenkij (2
reported that excessive particle clustering in nanofluids deteriorates
thermal conductivity and an optimum level of clustering must be evall
in order to achieve a maximum enhancement obtained by particl

vith

SS,
016)
5 the

lated

a}
-

clustering effect.
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TABLE 2: (continued)

The ballistic nature of the thermal transport of the NPs wag al
considered for thermal conductivity enhancement (Gardellini et al., 2016).
It is significant due to the lack of validity of the thermal diffusion
hypothesis. It states that the NP is so small that the phonon heat transfer
mechanisms assumed in the thermal diffusion change from a randomly
scattered diffusion to a ballistic behavior. The smaller the NPs used in the
composition of the nanofluid are, the higher the ballistic phonon transport
mechanisms are along a nanofluid, so that the validity of any macrogcopic
approach to the nanofluids properties is limited by this restriction
A nanofluid is a composite material and its properties coulddseribed
by effective medium theories, which were applied in many fields of
Effective science and engineering. Keblinski et al. (2005) found that most of the
medium theory| thermal conductivity data in nanofluids is reasonably well described by
effective medium theory and the effects of the interface thermal resistance
can be included in effective medium theories.
Migration of NPs and the resulting disturbance of the bouptarer were
proposed to be the main reasons leading to the heat transfer coefficient
Particle enhancement (Wen and Ding, 2004; Ding and Wen, 2005). This migration
migration would be inducted by the shear stresses formed along the flow, by|the
viscosity gradients, and by the Brownian motion, which causes the
migration of particles by diffusion.
Bang and Chang (2005) observed enhanced CHF in not only imbaizg
but also vertical pool boiling. The surface roughness value of test heaters
submerged in nanofluids is increased with increasing particle
| concentration by the deposition of NPs. Das et al. (2003b) found that the
surface roughness considerably decreased because their smooth hegater has
a roughness that is much larger than the size of NPs. They contend that
this reduction is the cause of deteriorating the boiling characteristics pf the
nanofluid.

Ballistic
transport

Modified surface

Brownian motion of NPs seems to be responsible for the dispient and for the mixture in
the microscopic scale of the nanofluids’ components, enabling the enhancement of heat transfer
in nanofluids. This is confirmed by Das et al. (2007), who obtained enhancements between two
and four times higher for the thermal conductivity in a temperature scale between 20 and 50°C.
However, the weak dependence of the thermal conductivity of nanofluid on the temperature
observed in the experiments of Ding et al. (2007) leads one to believe that the Brownian motion
has low influence on the thermal conductivity enhancement at low temperatures. Furthermore,
Evans et al. (2006) used a kinetic theory based analysis of heat flow in nanofluids to demonstrate
that the hydrodynamics effects associated with Brownian motion have only a minor effect on
the thermal conductivity of the nanofluid. Their analysis is supported by the results of molecular
dynamics (MD) simulations of heat flow in a model nanofluid with well-dispersed particles.
They claimed that these findings are consistent with the predictions of the effective medium
theory.

Nevertheless, a recent study of natural convection in nanofluids showed that higher heat
transfer is formed with the presence of Brownian motion and thermophoresis effect (Haddad
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et al., 2012). The enhancement is more pronounced at low volume fraction of NPs. Brownian
motion is considered in CuO-water nanofluid flow due to magnetic field inside a porous medium
Sheikholeslami (2018), and both Brownian and thermophoresis phenomena have been utilized in
energy and concentration expressions in convective flow of magneto Carreau nanofluid (Hayat
et al., 2018). Pinto and Fiorelli (2016) claimed that not a single mechanism has been able to
describe the behavior of the nanofluids under general conditions, although Brownian motion of
NPs, particle clustering, and the formation of an interface layer around the NPs were widely
adopted mechanisms in this area. Especially, the discrepancy in thermal conductivity poses a
major challenge.

4. THERMAL MODELS
4.1 Models for Thermal Conductivity

In the past two decades, a wide experimental investigation on nanofluid thermal conductivity has
been carried out. The measurements showed wide discrepancies and inconsistencies due to the
difference in nanofluids production and stabilization technique (single step or two steps, with
or without surfactants, mechanical stirring, sonication), nanofluids characterization (DLS anal-
ysis, Z-potential measurement, pH test, SEM or TEM analysis, etc.), and thermal conductivity
measuring method (transient hot wire, transient plane source, steady-state methods, compara-
tor). However, the experimental results highlight a strong relationship between the nanofluid’s
thermal conductivity and the following parameters: NP size, shape, and concentration, NP and
base fluid thermal conductivity, temperature, surfactants and additives, pH value, etc. Brownian
motion, agglomeration/aggregation, and liquid layering around the NPs also affect the measure-
ment results. To understand the thermophysical properties and heat transfer characteristics of
nanofluids with different NPs and base fluids of various concentrations and temperatures, nu-
merical and theoretical investigations have been intensively conducted because experiments are
time-consuming and expensive. Models are complementary to the experimental approach. Ta-
ble 3 lists some typical models and empirical correlations used for predicting the enhancement
of thermal conductivity in nanofluids.

Figure 3 compares the thermal conductivity enhancement of some nanofluids between exper-
imental data obtained in recent years and some typical theoretical predictions. It is seen that the
enhancement ratio in the Maxwell model (Maxwell, 1873) is mainly determined by the NP vol-
ume fraction, and the differences predicted by the Maxwell model among the seven different
data sets of various nanofluids are minor. Only for the data of Akilu et al. (2018) for hybrid
nanofluids with 80% Sig 20% CuO/C composite NPs, and mixed base fluid of 40% EG and
60% glycerol (G), both the Maxwell (1873) and Xuan et al. (2003) models predict closely to
the experiment. For the rest of the data, the Maxwell model is not acceptable. The predictions
by Xuan et al. (2003) model are also reasonable for the nanofluids©®gAG in Kumar et al.
(2018b) and of TiQ NPs in 60% EG and 40% water in Krishnakumar et al. (2019), but deviate
from the experiments of Said et al. (2016b) and Kumar et al. (2018a) $@-Alater, Esfe et al.
(2015a) for AbOs/EG, and Liu et al. (2011) for CUO/EG. The prediction by another popular
model Koo and Kleinstreuer (2004) matched Liu et al. (2011) data at volume fractions 2—3%.

4.2 Models for Viscosity

Viscosity is an important property of nanofluids. Pumping power, pressure drop, Reynolds num-
ber, and convective heat transfer directly depend on the viscosity of a fluid. Some key parameters
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FIG. 3: Comparison of thermal conductivity enhancement between measurements and theoretical models

that influence the viscosity of nanofluids include temperature, volume fraction, particle size and
shape, pH value, aggregation, stability, and shear rate. Regarding the composite of nanofluids,
which can consist of different fluid bases and different NPs, different models and/or correlations
for different nanofluids need to be developed. Table 4 summarizes some typical models and
correlations for predicting viscosity of nanofluids.

Figure 4 shows the comparison between experimental data and models for relative viscosity
in nanofluids. Four different data sets are selected for comparison, i.e., hybrid nanofluids with
80% SiQ, 20% CuO/C composite NPs, and base fluid of 40% EG and 60% glycerol (G) mixture
(Akilu et al., 2018), ZnO-EG nanofluids (Esfe and Saedodin, 2014DAWater nanofluid (Ku-
mar et al., 2018a), and TEG/water (60:40) nanofluid (Krishnakumar et al., 2019). The tradi-
tional Einstein (1906) model depends only on the particle volume fraction (valigh far1%)
and fails to match most of the measurements except for one datum of Akilu et al. (2018) at
concentration 0.5%. The prediction by the Maiga et al. (2004) model matched well with the
measurement of Kumar et al. (2018a). The prediction by Corcione (2011) model is close to the
result of Kumar et al. (2018a) but failed to match the other three data sets. The correlation of
Chen et al. (2007) for TIQEG nanofluids does not match the result of Krishnakumar et al.
(2019) for TiG-EG/water (60:40) nanofluid, neither for ZnO-EG (Esfe and Saedodin, 2014) or
for the hybrid nanofluid (Akilu et al., 2018).
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FIG. 4: Comparison of relative viscosity of nanofluids between measurements and theoretical models

4.3 Models for Specific Heat

Specific heat is a measure of the amount of thermal energy required to change the temperature
of 1 kg of a substance by 1 K. It also indicates the heat capability stored in a material. As
use of nanofluids in solar energy and energy storage systems has increased in recent years,
determination of specific heat for nanofluids is becoming critical. Table 5 lists some models and
corrections for predicting specific heat capacity for nanofluids.

Figure 5 shows the comparison between experimental data and models for relative specific
heat capacity in nanofluids. Six different data sets are compared to the predictions by two popular
models. Itis seen that the Pak and Cho (1998) model is in close agreement with Sultan (2017) for
TiO,-EG/water (60:40) nanofluid but fails to predict the measurements of another five nanoflu-
ids. The Xuan and Roetzel (2000) thermal equilibrium model matches with the datg @y-Al
water nanofluid (Ghaderian and Sidik, 2017), part of the,T&®/water (60:40) nanofluid data
in Sultan (2017), and part for Siavater nanofluid in Alawi et al. (2019) but fails to estimate
the results by Akilu et al. (2018), Selvam et al. (2016), and the Cu-EG nanofluid in Sultan
(2017).
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FIG. 5: Comparison of relative specific heat of nanofluids between measurements and theoretical models

4.4 Modeling of Convective Heat Transfer

Anomalous enhancement of the convective heat transfer rate of nanofluids has been reported
in many numerical studies [see, e.g., Jang and Choi (2006), Yang et al. (2013), and Fard et al.
(2018)]. Vanaki et al. (2016) provided a comprehensive review on numerical studies of convec-
tive heat transfer of nanofluids and found that most numerical results indicated that the increase
of NP volume fraction brings about an increasing trend in forced convective heat transfer of
nanofluids and a slight increase in pressure drop. Among the experiments and simulations there
are some inconsistencies about the influence of particle concentration on the convective heat
transfer, which may be attributed to improper selection of CFD modeling and inaccurate thermal
properties models for nanofluids as well as to ignorance of non-Newtonian rheology in the nu-
merical simulations. Vanaki et al. (2016) also pointed out that in practical applications the flow
is usually in the turbulent regime, because higher heat transfer can be achieved through turbulent
flow; thus, there is much work to be done in understanding the overall effect of various turbulent
models on the heat transfer results of nanofluids.

Kakac and Pramuanjaroenkij (2016) reviewed single-phase and two-phase treatments of con-
vective heat transfer enhancement with nanofluids. The single-phase model treats the NPs and
base fluid as a single-phase mixture with steady properties. Conventional single-phase modeling
has been the most common approach in the majority of numerical studies of convective heat
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transfer in nanofluids. However, the numerical predictions resulted from this technique may lead
to some deviations as compared to the experimental data due to the neglect of slip mechanisms
between NP and base fluid. Employing the dispersion model in forced convection studies could
improve the results significantly, yet it might not be accurate for predicting natural convection.
The two-phase model can provide better views in the nanofluid flow field, since the solid and
liquid phases are considered separately. Because of some contradictory results between exper-
iments and modeling, however, it is controversial whether the two-phase approach gives more
credible results. The governing equations for the single-phase model are easy to understand for
new researchers as well as the less complicated model, which is less time consuming. Vanaki
et al. (2016) indicated that Lagrangian—Eulerian and Buongiorno models seem to be more reli-
able for simulation purposes, as they incorporate Brownian motion and Soret effects as the two
migration mechanisms in the boundary layer and, moreover, they are capable to predict nonuni-
form particle distribution.

Many factors, such as dispersion and random movement of particles, agglomeration and
clustering, particle size and shape, affect the convective heat transfer as well as the thermos-
physical properties of nanofluids. More experimental and numerical investigations need to be
performed by taking these factors into account. More numerical investigation must be done
to compare the two-phase model and the homogeneous one in a particular geometry or with a
turbulent model. Since numerical models for convective heat transfer are well-documented in the
literature, the present review does not list the governing equations of different models. Instead,
Table 6 lists some Nusselt number correlations from the literature for convective heat transfer of
nanofluids.

It should be pointed out that there is not any agreeable correlation yet that is suitable for
nanofluids, just as reflected by the inconsistencies in the models and measurements for thermal
properties. From Table 6, it is seen that the Nu correlations differ among different authors and
for different nanofluids. Many of the correlations were regressed from limited experimental data.
Another key challenge is the accuracy of the dimensionless parameters used. Let us use the cor-
relation of Kumar et al. (2017) in Table 6 for §&&,-water nanofluids as an example. One can see
that the correlation contains dimensionless parameters, Re and Pr, in addition to the NPs volume
fraction. Kumar et al. (2017) did mention that the parameters were evaluated at mean fluid tem-
perature and listed the properties fogBg-water suspensions at three temperatures (20, 40, and
60°C). It could be seen that the Pr was a strong function of temperature, e.g., its value at 60°C
was just one-third of that at 20°C; whereas the temperature variation varied in such range during
convective heat transfer. How accurate the Pr values used to acquire the correlation were indeed
in question. Same question remains with the Re values used. It is known that Re is determined by
the viscosity of the nanofluid and the viscosity depends on the volume fraction. However, Kumar
et al. (2017) used the same Re values for nanofluids of different volume fractions. As mentioned
in Section 1, thousands of research papers are published on nanofluids in a year. Unfortunately,
similar latitudes existed in quite a number of studies.

4.5 Artificial Neural Network Model

Not a single traditional model for nanofluids is not able to account for all the different parame-
ters and mechanisms affecting the thermal properties and transport. An artificial neural network
(ANN) is an interconnected group of artificial neurons that receive input and produce output
through patterning and learning from a large amount of sample data. Figure 6 sketches a feed-
forward ANN example consisting of four inputs, five hidden neurons, and two outputs (e.g.,
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Hidden

FIG. 6: Schematic of an ANN model

thermal conductivity and HTC of a nanofluid). In feed-forward ANN, there are no cycles or
loops, and information moves only in one direction. Neurons are organized into layers: the first
layer represents the input neurons (input variables), and the last one contains the output neurons.
The network forms by connecting the output of certain neurons to the input of other neurons
through a directed, weighted sum. The weights corresponding to the parameters of the model,
and the sum are passed through a function known as an activation function. Sometimes a bias
term is added to the total weighted sum of inputs to serve as a threshold to shift the activation
function. The weights as well as the activation functions can be modified by a process called
learning, which is governed by a learning rule. The learning rule is a rule or an algorithm that
modifies the parameters of the neural network in order for a given input to the network to pro-
duce a favored output. This learning process typically amounts to modifying the weights and
thresholds of the variables within the network.

In recent years, the ANN technique has been applied for solving complex engineering prob-
lems in different application areas. Sobhanifar et al. (2015) used the ANN technique for the
computing convective HTCs. Hojjat et al. (2011) and Longo et al. (2012) used ANN models
for the prediction of the thermal conductivity of oxide nanoparticles suspended in water. Esfer
et al. (2014, 2015b) predicted thermal conductivity of nanofluids using thermal conductivity of
constituents, diameter of particles, volume fractions, and temperature as input data. Longo et al.
(2012) compared the predictions by a three-input model and four-input ANN model. Both mod-
els account for the effects of temperature, particle volume fraction, and thermal conductivity;
whereas, the four-input model also considered the effect of particle cluster average size. The
models have been trained using a set of data obtained by the authors and others. Both models
have shown a reasonable agreement in predicting experimental data; the four-input model, albeit
applicable only when the cluster average size is known, exhibits better performance. The knowl-
edge of the clustering (agglomeration), usually missing from data presented in literature, seems
essential for evaluating nanofluid thermal conductivity.

Figure 7 presents the predicted enhancement of thermal conductivity with the four-input
ANN model for AlLbOs/water and TiQ/water nanofluids at 1 and 2% volume fractions in a wide
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FIG. 7: Predicted enhancement of nanofluid thermal conductivity with the 4-input ANN model

temperature range [data extracted from Longo et al. (2012)]. Tk@sAtructure is alpha with

a purity higher than 99.9% and average particle diameter of 30 £ 10 nm. ThesTiature

is rutile with purity higher than 99.9% and average particle diameter within 30-50 + 10 nm.
The nanofluids have been processed in two different ways: by simple stirring (resulting average
cluster size: 285 nm for ADs/water and 220 nm for Ti@water) and by sonication (average
cluster size: 165 nm for ADs/water and 155 nm for Tigwater).

5. APPLICATIONS TO ENHANCED HEAT TRANSFER

According to areas of application, nanofluids can be organized as heat transfer nanofluids, tribo-
logical nanofluids, surfactant nanofluids, chemical nanofluids, environmental nanofluids, phar-
maceutical nanofluids, and biomedical nanofluids, etc. Some particles have particular applica-
tions. For example, alumina NPs are utilized in fire retardation (Laachachi et al., 2009). CuO
NPs have high efficiency and phase stability as nanofluids in heat transfer applications (Chang
et al., 2011). Nanofluids with enhanced thermal properties find great potential and wide appli-
cation in heat transfer processes and thermal systems, covering a spectrum of fields in micro-
electronics, power and energy industries, chemical engineering and pharmaceutical processes,
automobile and aerospace technologies, transportation, building and environmental industry, nu-
clear technology, defense technology, machining, and manufacturing. Applications extend to the
areas of cooling of automobile engines; cooling of electronics; cooling of transformer oil, im-
proving diesel generator efficiency; cooling of heat exchanging devices, improving heat transfer
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efficiency of chillers and domestic refrigerator-freezers; and cooling in machining and drilling
(Saidur et al., 2011a). Godson et al. (2010) reviewed applications to microchannel heat sink
(MCHS) and heat pipes. Kakac and Pramuanjaroenkij (2016) briefed several review articles
involving applications. Next, we provide a detailed review on several areas of heat transfer ap-
plications with nanofluids.

5.1 Cooling Applications

Recent studies have indicated that substitution of conventional coolants by nanofluids appears
promising (Saidur et al., 2011b; Khoshvaght-Aliabadi et al., 2017; Ahmed et al., 2018; Subhedar
etal., 2018). Routbort et al. (2009) stated that use of nanofluids for industrial cooling could save
energy, increase energy efficiency, and reduce emissions and pollution. For the U.S. industry,
the replacement of cooling and heating water with nanofluids has the potential to conserve one
trillion Btus of energy. For the U.S. electric power industry, using nanofluids in closed-loop
cooling cycles could save about 10-30 trillion Btu per year (Wong and De Leon, 2010).

Chang et al. (2012) analyzed the influence of NP volume fraction on spray cooling with
Al,Oz-water nanofluids. They indicated that nanofluids with a high volume fraction are incom-
patible for spray cooling; whereas, those with a low volume fraction (0.001 vol %) showed
significant improvement in spray cooling efficiency. On the basis of the characteristics of the
nanofluid suspension, NPs easily deposit on the solid surface especially after heating and cool-
ing repeatedly, clogging the nozzle and increasing the thermal contact resistance. As one of the
solutions, a dispersing agent could be added to the liquid for improving the stability of nanofluid.

The studies in spray cooling with nanofluids are still in the preliminary stage, and the relevant
conclusions have not obtained consistency (Bellerova et al., 2012; Hsieh et al., 2015; Ravikumar
etal., 2015). Anyhow, nanofluids produced positive results in the transient heat transfer of spray
cooling (Nayak and Mishra, 2019). Manoj et al. (2019) indicated that nanofluid spray impinge-
ment cooling (NSIC) has a huge potential of being used as lubricant and coolant in machining
processes due to its excellent lubricating properties and high heat removal capacity. They carried
out a study to improve the machining performance during turning of AISI 316 SS using uncoated
carbide inserts under a bio-oil based NSIC environment. Different volume fractions of Karanja
oil-based TiQ nanofluid were applied. Their results indicate that the application of bio-oil based
TiO, decreased the peak tool temperatures by 52% as compared to a dry turning environment.
There was a noticeable increase in surface finish quality. As Cheng et al. (2016) pointed out,
the potential of nanofluids is worth exploring. More appropriate pairing of NP-fluid and stable
nanofluids should be developed and considered in spray cooling.

Nguyen et al. (2007) used ADs—water nanofluid for cooling of microprocessors or other
electronic components. Experimental data, obtained for turbulent flow regime, have clearly
shown that the inclusion of NPs into distilled water has produced a considerable enhancement of
the cooling block convective HTC. For a particular nanofluid with 6.8% particle volume concen-
tration, HTC has been found to increase as much as 40% compared to that of the base fluid. An
Al,O3 (1%)—water nanofluid showed an average improvement in thermal performance of 26%
over that of pure water for a given pumping power in a double-layered microchannel heat sink
(Hung and Yan, 2012). Khoshvaght-Aliabadi et al. (2017) found that adding 0.1 and 0.4 wt %
a-Al,O3 NPs in water as coolant causes an increase in the range of 4.8-13.3% for the HTC and
3.3-9.6% for the pressure drop. A noticeable average performance factor of 2.68 was obtained
for the simultaneous utilization of corrugated minichannels an@#ivater nanofluid inside a
heat sink (Khoshvaght-Aliabadi and Sahamiyan, 2016).
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Tariq et al. (2019) investigated the thermal performance of a micro-hole cellular structure
using AbOs—water and CuO-water nanofluids with 0.67 and 0.4 vol %, respectively. The ther-
mal conductivities of AlO; and CuO nanofluids were enhanced by 2 and 1.19%, respectively,
as compared to the pure water. Using@4 nanofluids, they achieved the minimum base tem-
perature of 24.5 and 26.6°C numerically and experimentally, respectively; whereas with CuO
nanofluids, the respective values are 25.5 and 27.7°C. The lowest base temperature of 26.6 and
27.7°C in experiments using AD;—water and CuO-water nanofluids, respectively, is about 17.6
and 14.5% lower than the lowest temperature value of 32.3°C using water.

It is predicted that the next generation of computer chips will produce localized heat flux
over 10 MW/n?, with the total power exceeding 300 W (Ma et al., 2006a,b). Pulsating heat
pipes (PHPs) are heat transfer devices that are widely utilized in electronic devices and energy
systems. In combination with thin-film evaporation, the nanofluid PHP cooling system can serve
as a next-generation cooling device that will be able to handle the heat dissipation coming from
new technology (Ma et al., 2006a). Lin et al. (2008) investigated nanofluids in PHP using Ag
NPs. The silver nanofluid improved heat transfer characteristics of the heat pipes. Xing et al.
(2017) experimentally investigated the thermal performance of vertical closed PHP using pure
water and hydroxylated MWNTSs nanofluids. Their results showed that the heat transfer perfor-
mance of PHP can be significantly improved by applying the nanofluids at the lower concen-
tration and the MWNTs nanofluid PHP exhibits better start-up characteristics than water. The
thermal resistance of 0.1 wt % nanofluid PHP is decreased by 34% in comparison to pure water
when the input power increases up to 100 W. Nazari et al. (2018) used four concentrations of
graphene oxide (0.25, 0.5, 1, and 1.5 g/l) in water in experimental study in a PHP and showed
that adding graphene oxide sheets increased thermal conductivity and viscidity of the base fluid,
and decreased thermal resistance of PHP up to 42%.

Use of nanofluids as coolants would allow for smaller size and better positioning of the
automobile radiators (Akash et al., 2019), leading to a reduction in the frontal area of the radiator
by up to 10% (Singh et al., 2006). Coolant pumps could be shrunk, and truck engines could
be operated at higher temperatures, allowing for more horsepower while still meeting stringent
emission standards. It was determined that copper nanofluid produces a higher wear rate than the
base fluid, and this is possibly due to oxidation of copper nanopatrticles. A lower wear and friction
rate was seen for alumina nanofluids in comparison to the base fluid. Kulkarni et al. (2008) used
Al,O3 nanofluid as a coolant in a diesel-electric generator. Ahmed et al. (2018) experimentally
studied enhancement of a car engine radiator using-Weter nanofluid as coolant. Tivater
nanofluid with 0.2% concentration can enhance the effectiveness of a car radiator by 47% as
compared to 0.1 and 0.3% concentrations and pure water as a coolant. Subhedar et al. (2018) used
Al,Oz/water-mono EG nanofluids as a coolant for car radiators. Experimental results showed
that the nanofluid with 0.2% volume fraction had a 30% rise in heat transfer. Also, the reduction
in the frontal area of the radiator if the base fluid is replaced by nanofluid is estimated to make a
lighter cooling system, produce less drag, and save fuel costs. Future engines that are designed
using nanofluids’ cooling properties would be able to run at more optimal temperatures, allowing
for increased power output. With a nanofluids engine, components would be smaller and weigh
less, allowing for better gas mileage, saving consumers money and resulting in fewer emissions
for a cleaner environment.

Kumar et al. (2018a) experimentally studied the application gDadwater nanofluids (oleic
acid as a surfactant) as a coolant in an automotive car radiator. Figure 8 shows their experimen-
tal measurements on thermal conductivity and viscosity at 80°C, and output temperature of the
nanofluids for different NPs volume fractions at inlet temperature of 80°C with two different
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FIG. 8: Measured thermal conductivity, dynamic viscosity, and output temperature versus particle volume
fraction in the coolant application of ADz-water nanofluids with oleic acid as a surfactant in a radiator
[based on the data from Kumar et al. (2018a)]

volume flow rates. It is seen that both the thermal conductivity and viscosity of the nanofluid
increase with an increase in the concentration of NPs. The outlet temperature decreases with
increase of the NPs to 0.8 vol % and then upward with further increasing concentration. The
lower the outlet temperature is, the better the thermal performance is. For 1 LPM and 80°C
with 0.8 vol % nanofluid, the outlet temperature is reduced by 21.7% as compared to water.
For low volume fractions, an increased thermal conductivity of the nanofluid enhances the heat
transfer and hence decreases the outlet temperature. As the concentration of the nanofluid in-
creased, the viscosity of the nanofluid increases, which in turn increases the thermal boundary
layer thickness, leading to a reduction in heat transfer and increase in the outlet temperature.
Hence at higher volume fractions, the viscous effect becomes dominant over the increase in the
thermal conductivity.

The use of nanofluids in nuclear power plants seems like a potential future application (Kim
et al., 2007; Boungiorno et al., 2008; Sharma and Pandey, 2018). Cooling down fuel rods is the
critical technical challenge in nuclear reactors. Many pressurized water-cooled nuclear power
systems are CHF-limited, but the application of nanofluid can greatly improve the CHF of the
coolant so that there is a bottom-line economic benefit while also raising the safety standard
of the power plant system. Another possible application of nanofluids in nuclear systems is
the alleviation of postulated severe accidents during which the core melts and relocates to the
bottom of the reactor vessel. If such accidents were to occur, it is desirable to retain the molten
fuel within the vessel by removing the decay heat through the vessel wall (Buongiorno et al.,
2009). Saadati et al. (2018) investigated the effects of selecting water/silver nanofluids as both a
coolant and a reactivity controller during the first operating cycle of a light water nuclear reactor.
The results showed that the maximum required level of Ag NPs is 1.3 vol % at the beginning
of the cycle; this value drops to zero at the end of cycle. Due to substitution of water/boric
acid with water/Ag nanofluid, reactor operation time at maximum power extends to 357.3 days,
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and the energy generation increases~by7.3%. Several significant gaps in knowledge are
evident at this time, including demonstration of the nanofluid thermal-hydraulic performance at
prototypical reactor conditions and the compatibility of the nanofluid chemistry with the reactor
materials.

Conventional cryopreservation protocols for slow-freezing or vitrification involve cell injury
due to ice formation/cell dehydration or toxicity of high cryoprotectant concentrations, respec-
tively. Since higher cooling rates lower the cryoprotectant concentration required to achieve
vitrification, He et al. (2008) were interested in further decreasing the amount of cryoprotectant
required for vitrification via heat transfer enhancement either inside the cryopreservation solu-
tion or on the boundary between the micro-capillary and the cryogenic fluid. They developed a
novel ultrafast vitrification approach for cryopreservation of sensitive mammalian cells using a
small quartz micro-capillary. Enhancing heat transfer inside the cryopreservation solution could
be achieved by dispersing nanoparticles in the cryopreservation solutions to form nanofluids.
Additionally, the enhancement of heat transfer during the warming step of a vitrification pro-
tocol is essential since critical warming rates to avoid devitrification are generally higher than
critical cooling rates to achieve vitrification. Manuchehrabadi et al. (2017) improved tissue cry-
opreservation using inductive heating of magnetic nanoparticles.

Nanofluids can also be used for safer surgery by producing effective cooling around the
surgical region and thereby enhancing the patient’s chance of survival and reducing the risk of
organ damage. Cryosurgery is a procedure that uses freezing to destroy undesired tissues. Yan
and Liu (2008) proposed a surgical term, nanocryosurgery, for efficient tumor treatment through
combining cyrosurgery and nanotechnology. Intentional loading of nanoparticles with high ther-
mal conductivity into the target tissues can reduce the final temperature, increase the maximum
freezing rate, and enlarge the ice volume obtained in the absence of nanoparticles. Additionally,
NP-enhanced freezing could make conventional cyrosurgery more flexible in many aspects, such
as artificially interfering in the size, shape, image, and direction of ice ball formation. Recently,
Akbar et al. (2016) studied the antibacterial applications for a new thermal conductivity model in
arteries with CNT suspended nanofluid. Khademi et al. (2019) found that the nanofluid injection
locally increases the thermal conductivity and decreases the heat capacity of the biological tis-
sue; hence, the tissue significantly becomes more sensitive to temperature changes. With respect
to the choice of particle for enhancing freezing, magnetitg@Qgeand diamond are perhaps the
most popular and appropriate because of their good biological compatibility.

5.2 Applications to Renewable Energy and Energy Systems

A recent editorial (Liu and Guo, 2018) pointed out that pursuing ideal energy or its utilization
ways has never been so urgent as it was because the energy and environmental problems are
becoming increasingly serious. Thus far, tremendous efforts in the research of energy science
and technologies have been conducted. However, there still exists a gap between research and
needs. This indicates that new energy or revolutionary technologies over existing ones should
be fully explored. In the renewable energy industry, nanofluids could be employed to enhance
heat transfer from solar collectors to energy storage tanks. When extracting energy (geothermal,
fossil fuels) from the earth’s crust that varies in length between 5 and 10 km and temperature be-
tween 500 and 1000°C, nanofluids can be employed to cool the pipes, machinery, and equipment
working in a high-friction and high-temperature environment (Ahmadi et al., 2018).

Geothermal energy exists in rock and trapped liquid or vapor that can be applied for heating
and generating electricity. Geothermal energy is one of the most suitable sources of energy since
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it is possible to use it continuously for generating power and providing heat. The cumulative
capacity of geothermal power plants in the world has increased from 10.34 GW in 2007 to 14.30
GW in 2017. According to the International Energy Agency, Technology Roadmap Geothermal
Heat and Power 2011, it is expected to reach 1400 TWh electricity generation per year by using
geothermal sources by 2050. In addition, geothermal heat has the ability to contribute 3.9% of
final energy for heat by 2050, which means 1600 TWh thermal energy. Enhancement of heat
transfer with nanofluids leads to improved efficiency of the geothermal energy systems (Bobbo
et al., 2016). Using nanofluid as heat carrier resulted in reduction of thermal resistance on a
borehole heat exchanger (Diglio et al., 2018). By considering both heat transfer and pressure
drop, it was concluded that using Cu-based nanofluids led to the most reduction in the length of
a borehole heat exchanger.

Jamshidi and Mosaffa (2018) numerically investigated the performance of a geothermal heat
exchanger and the effects of utilizing nanofluids in extracted heat. Their results showed that, em-
ploying the NPs in 0.5 vol % could lead to~a18% increase in obtained energy from the earth.
The extracted heat from the earth in geothermal systems depends on the thermophysical proper-
ties of the applied nanofluid, such as specific heat, dynamic viscosity, and thermal conductivity,
as well as the flow rate and well specification. As Ahmadi et al. (2018) pointed out, there are
some concerns using nanofluids in heat exchangers of geothermal systems though it improves
the heat transfer and efficiency. NP sedimentation can deteriorate heat transfer and performance
of the systems. There are some suggestions to overcome the problem. According to Sun et al.
(2018), in the case of static fluid in shut-down condition, accumulation of NPs appeared in the
bottom of borehole after sedimentation for many hours. Relatively high velocity of the fluid can
remove the accumulated particles, which may lead to reliable performance of nanofluidic heat
exchangers in geothermal systems.

Solar energy is renewable and green. Although the amount of solar irradiation on the Earth’s
surface is enormous, approximately 3 x*4fbules/yr, most of it remains unused because of
challenges such as high cost and low electricity conversion efficiency at present. NP-based direct
absorption solar collectors, which utilize the high radiation absorption property of nanoparticles
suspended in a working fluid, are proposed to increase the efficiency of solar systems. Figure 9
shows the increase of collector efficiency with use of various nanofluids to the use of base fluid.
Itis seen that addition of CNT NPs (6—20 nm diameter, 1-5 um length) from 0.05 to 1% in water
(Otanicar et al., 2010) increased the efficiency-b$0%, and the enhancement increased with
increasing volume fraction until 0.5%. Suspensions of graphite NPs (C, 30 nm diameter) in water
are more efficient than the CNT-based nanofluids of same volume fraction up to 0.5%. Two Ag-
water nanofluids with different NP sizes at same volume fraction (0.25%) were also compared
by Otanicar et al. (2010). From Fig. 9, it is observed that the smaller Ag NPs (20 nm diameter)
are more efficient than the larger NPs (40 nm diameter). In the study of Arikan et al. (2018),
the effect of AbOs-water and ZnO-water nanofluids, with and without EG, on the efficiency of
a flat plate solar collector was investigated. The volume fraction of the NPs and EG were 0.25
and 25%, respectively. The study was conducted on three mass flow rates, 0.05, 0.07, and 0.09
kg/s, respectively. Figure 9 only extracted the data for 0.09 kg/s. The efficiency of the system
was compared to distilled water (base fluid). Their results showed that an increase in the mass
flow rate and use of the EG increased efficiency. Figure 9 also shows the data@grwdter
by Yousefi et al. (2012) and for ZnO-water by Babu and Raja (2016), respectively. Zhang et al.
(2014) showed that Au-water nanofluids at very low volume fractio.0006%) could increase
the efficiency substantially, using 6 ppm aqueous gold nanofluid could enhance the photothermal
conversion efficiency by 78%.

Journal of Enhanced Heat Transfer



A Review on Heat Transfer Enhancement with Nanofluids 47

Volume Fraction of Au-water (%)

0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007
90 T T T T T T 90
80 4 80
)
S 70 } — 4 70
b
3 60 | 4 60
g o
= 50 4 S0
2
@ 40 4 40
2
& 30 | { 30
20 . 4 20
10 2 4 10
o |
0 1 1 1 i 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Volume Fraction (%)
—e—CNT-water, Otanicar et al. (2010) —e— C-water, Otanicar et al. (2010) Ag-water(20 nm), Otanicar et al. (2010)
¢ Ag-water(40 nm), Otanicar et al. (2010) & Al203-water/EG, Arikan et al. (2019) ® Al203-water, Arikan et al. (2019)
A ZnO-water/EG, Arikan et al. (2019) M ZnO-water, Arikan et al. (2019) A Al203-water, Yousefi et al. (2012)
O ZnO-water, Babu et al. (2016) —8—Au(15-20 nm)-water, Zhang et al. (2014)

FIG. 9: Solar collector efficiency increase with use of nanofluids

An enhancement of 144% in the in the stored thermal energy can be obtained at the peak tem-
perature for a particle concentration of 6.5 ppm silver aqueous nanofluid (Bandarra Filho et al.,
2014). Zeng and Xuan (2018) modeled binary nanofluid containing MWCNTs angd/gjO
plasmonic nanoparticles for enhancing solar energy absorption and photothermal conversion be-
cause different NPs have different spectrally absorptive features. Zeiny et al. (2018) performed a
well-controlled experiment for three different categorized nanofluids, i.e., Au, Cu, carbon black
nanofluids, and their hybrids. Photothermal conversation efficiencies, specific absorption rates,
and cost of a unit thermal power generation were calculated from the recorded temperature rise
of different nanofluids. They found that adding NPs to water enhanced the photothermal con-
versation efficiency, and this enhancement is linearly proportional to the concentration of NPs.
Considering both photothermal conversion efficiency and potential economic cost, carbon black
nanofluid is a suitable candidate; whereas, gold is not due to its high cost.

Parabolic trough collectors (PTCs) are widely used in concentrated solar power plants. Ther-
mal oil, water, and EG have been extensively utilized as the working fluids in solar thermal
electric plants with PTCs. However, their operating temperature limitation or environmental
pollution have caused employing alternative working fluids. To overcome such issues, use of
nanofluids as a working fluid has been considered and its effect is reviewed by Akbarzadeh and
Valipour (2018). There are some drawbacks in the context of using nanofluids such as the high
price and the instability of the mixture. Furthermore, the increased pressure drop with nanofluids
over base fluid flow is a concern.

Some investigations have combined nanofluids with passive techniques to improve heat
transfer. Waghole et al. (2014) experimentally investigated the effect of Ag nanofluids on the
thermal performance and pressure drop of a PTC with twisted tape. Chougule and Sahu (2016)
proved that the pressure drop with the use of helical inserts was significantly more than the use of
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nanofluids in a PTC. But the heat transfer enhancement with simultaneous effects of turbulators
and nanofluids was much higher than using a nanofluid alone. Nusselt number enhancement for
CNT/water nanofluid was- 33.58%; whereas, it was 215.55% with simultaneous use of both
nanofluid and helical tape inserts of a twist ratio 1.5. Combination other passive methods like
wavy tubes and fins with nanofluids have also been investigated.

Nanofluids were also applied to solar cells, solar stills, solar water heaters, etc. In arid remote
regions in the world, the provision of fresh water is more critical. In these regions, solar desali-
nation systems can solve part of the problem where solar energy is available (Kianifar et al.,
2012). Gnanadason et al. (2012) investigated the effects of adding CNTs to the water inside
a single basin solar still and revealed that adding nanofluids increases the efficiency by 50%.
Mahian et al. (2017) studied experimentally and theoretically the performance of a solar still
equipped with a heat exchanger using nanofluids through three key parameters, i.e., freshwater
yield, energy efficiency, and exergy efficiency. The results reveal that using the heat exchanger
at temperatures 60°C is not advantageous and the corresponding yield is smaller than that of
solar still without the heat exchanger; although in such a case, using nanofluids as the working
fluid in the heat exchanger can enhance the performance indicesliBgo. At higher temper-
atures (e.g., 70°C), the use of a heat exchanger is beneficial; however, using nanofluids instead
of water can augment the performance indices marginally, i.e~; b%. Cooling of solar cells
to improve the efficiency of such solar devices (Elmir et al., 2012). Hjerrild et al. (2019) experi-
mentally tested spectrum splitting nanofluids for three cells: c-Si, GaAs, and Ge solar cells. The
nanofluids were composed of combinations of core-shell silver-silica (Ag)Si@noplates as
visible light absorbers and silica-coated gold and gold-copper nanorods as infrared absorbers.
The nanofluid paired with a c-Si PV cell delivered the highest combined efficiency, which in-
dicates that this PV-nanofluid combination is a strong candidate for a low-cost, high-efficiency
spectrum splitting technology.

Thermal energy storage can be used to enhance energy efficiency and improve energy con-
servation and management. Latent heat storage uses phase-change material (PCM), which is
widely used for solar energy storage, industrial waste energy storage, etc. Thermal energy stor-
age PCM utilizes the heat absorption and release of substances during phase transition processes
to store and release thermal energy. Organic PCMs are one of the most preferred forms for ther-
mal energy storage because they have a proper phase-change temperature range, little or no super
cooling, lower vapor pressure, nontoxicity, noncorrosivity, and excellent thermal stability. Fatty
acids and paraffin wax (PW) are good organic PCMs due to their desirable characteristics, such
as high latent heat of fusion, negligible super cooling, low vapor pressure in the melt, and thermal
stability. Wang et al. (2014) dispersed BiPs (20 nm) in the form of anatase into a PW matrix
without any surfactant to make PCMs for energy storage. The melting temperature and latent
heat capacity were measured using a differential scanning calorimetric instrument. The thermal
conductivity was measured by a transient short hot-wire method. A significant increase in both
the latent heat capacity and thermal conductivity is found &t7 wt % TiO, NP loading. The
latent heat includes both the solid-solid phase change and solid-liquid phase change. There are
at least two opposite factors that cause the latent capacity change in the PCM: (i) the interaction
between the PW molecules and Fi@articles will increase the latent capacity of the compos-
ites and (ii) the addition of the Tiparticles would reduce the latent heat capacity because the
replacement of nanoparticles for the PW molecules could lead to absorbing or releasing more
energy during composite melting or solidification processes. Thus, the latent heat capacity of the
composite would increase if the first factor were stronger than the second one and vice versa. The
polarizing optical microscope analysis illustrated thatTjarticles aggregated with increasing
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particle loading. Aggregation of NPs increases interfacial thermal resistance between the NPs
and the matrix molecules and decreases thermal conductivity.

Wang et al. (2019) prepared organic PCMs for enhanced energy storage in water heaters
by adding SiQ particles into molten palmitic acid (PA). They found that the SRA water
heater responds faster and has a larger volume ratio of hot water output to water heater size.
Rueda-Garcia et al. (2018) investigated electrochemical energy storage in a LifesRCed
graphene oxide aqueous nanofluid and demonstrated the possible application of electroactive
nanofluid electrodes in alternative flow batteries. Sidik et al. (2018) recently provided a review
on performance enhancement of a cold thermal energy storage system using nanofluid PCMs.
Cold thermal energy storage plays a vital role in many industrial applications such as central
air-conditioning in large buildings, high-powered electronic cooling applications, waste heat re-
covery, food processing, and restoring the electrical power imbalance between daytime need and
night-time abundance.

5.3 Applications to Building Technology

There are unending situations where an augmentation in heat transfer effectiveness can be ben-
eficial to the quality, quantity, and cost of a product or process. In many of these situations,
nanofluids are good candidates for accomplishing the enhancement in heat transfer performance
and hence improving the energy efficiency. “Energy efficiency is a low-cost way to save money,
support job growth, reduce pollution, and improve the competitiveness of our businesses. Our
homes, offices, schools, hospitals, restaurants, and stores consume a lot of energy and money.
We spend more than $400 billion each year to power our homes and commercial buildings, con-
suming approximately 74% of all electricity used in the United States, about 40% of our nation’s
total energy bill. And much of this energy and money is wasted—over 30% on average. If we
cut the energy use of U.S. buildings by 20%, we could save approximately $80 billion annually
on energy bills and help create jobs” (U.S. DoE, 2019).

Use of thermal energy storage PCMs to the floor, wall, and ceiling to absorb environmental
energy can keep the temperature of buildings at a healthy range (Khudhair and Farid, 2004). Such
an application would save energy in a heating, ventilating, and air conditioning system while pro-
viding environmental benefits. Adding NPs into PCMs can enhance the thermal performance. To
prevent leakage during the melting process, micro-/nanoencapsulation of PCMs has aroused in-
creasing interests of research (Liu et al., 2018). CNTs grafted with stearyl alcohol (CNTs-SA)
were used in synthesizing phase-change microcapsules (MicroPCMs) in order to enhance the
thermal conductivities of the microcapsules. The thermal conductivity of MicroPCMs/CNTs-
SA with 4% of CNTs increased by 79.2% compared to MicroPCMs (Li et al., 2014). Amin et al.
(2017) tested beeswax/graphene with various mass fractions of NPs with the objective of investi-
gating the thermal properties of this nano-PCM to reduce energy consumption in buildings. The
addition of graphene nanoplatelets increased the thermal conductivity, latent heat, heat capacity,
and viscosity of nano-PCM.

Strandberg and Das (2010) analyzed the performance of nanofluids in the hydronic heating
system of buildings. The base fluid used in the analysis was a solution comprised of 60% ethy-
lene glycol and 40% water (by weight). In cold climates like those found in Alaska, Canada,
and other circumpolar regions, heat transfer fluids regularly encounter very low temperatures on
the order of-40°C. It is a common practice to use this mixed fluid as a heat transfer fluid. The
nanofluids were prepared with CuO NPs dispersed in the same base fluid with volumetric par-
ticle concentration ranging up to 4%. The results showed that a higher convective heat transfer
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coefficient was achieved at higher temperatures for a nanofluid. Kulkarni et al. (2009) performed
experiments using CuO, AlO, and Si@anofluids for heating buildings and reducing pollution.
Solar-based radiant heating systems represent a sustainable, and relatively low-cost, technol-
ogy to raise the temperature of the interior thermal mass of our buildings. Mesgari et al. (2018)
investigated MWCNT nanofluids for solar-assisted radiant heating systems, focusing on the ef-
fects of exposure time and temperature on stability, optical absorbance properties, the extent of
functionalization, and the photothermal conversion performance of UV-ozone-treated MWCNT
nanofluids. No agglomeration or degradation of the MWCNTSs was observed at elevated temper-
atures (up to 150°C), highlighting the stability of proposed nanofluids.

Dr. Madamopoulos at City College of New York and the present author proposed together to
National Science Foundation the nanofluid-filled hollow prismatic glass louver concept shown in
Fig. 10, which serves for dual purpose: improved daylighting and solar thermal energy harvest-
ing. The innovative louver will utilize solar energy rather than “block” sunlight like traditional
louvers. The prismatic glass shape can transmit visible light and redirect the collimated (direct)
irradiation to the ceiling or through scattering in the nanofluids to eliminate the “glare effect”
(Vlachokostas and Madamopoulos, 2015, 2017), such that daylighting quality and comfortable-
ness can be improved. The absorbed solar energy (Cai and Guo, 2018, 2019), mostly infrared
and ultraviolet, in the glass and nanofluid can be stored as thermal energy and harvested via the
flowing nanofluid (Nan et al., 2020).

6. CHALLENGES AND FUTURE RESEARCH

Significant progress on heat transfer enhancement research and development using nanoflu-
ids has been made. In general, dilute suspensions with well-dispersed highly conductive NPs
enhance thermal performance over base fluid. Nevertheless, key issues linger with regard to
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FIG. 10: Concept of nanofluid-filled prismatic louver installed behind a window for dual-purpose: (1) im-
proving daylighting via redirection of direct light through prism effect to ceiling to increase diffuse light
and (2) and solar energy harvesting via the nanofluid
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enhancement mechanisms and consistency in results of measurements and predictions. In par-
ticular, controversial results exist. Clearly, it will be necessary to consider not only one possible
mechanism but combine several mechanisms, as well as to take into account the differences of
experimental conditions (such as measurement instrument, accuracy and repeatability, tempera-
ture and concentration control, personnel experience) and characteristics of nanofluids (such as
NPs-fluid pairing, NPs size profile and morphology, NP surface functionalization, addition of
surfactant, NPs agglomeration, pH value, stability, etc.).

There are several important issues that need to be solved to enable broad applications of
nanofluids as heat transfer media in engineering and technology, namely:

e Long-term stability of nanofluids is a key issue for both scientific research and practical
engineering applications. Stability of nanofluids under quiescent as well as flow condi-
tions in thermal systems should be systematically studied and evaluated. Researchers need
to understand better how the stability of a nanofluid affects its thermophysical properties.
To date, long-term stability of most nanofluids in working conditions and real equipment
is not confirmed and much effort is required for improving the stability of nanofluids.

It was pointed out that the stability of a nanofluid is affected by a number of factors,
such as preparation technique, pH value, NP concentration, particles type, particle mor-
phology, particle size, fluid temperature, etc. Use of different stability techniques or sta-
bilizers could result in inconsistency in thermal properties and performance evaluation,
as revealed in previous studies. Robust techniques for large-scale production of stable
nanofluids are needed.

e Most studies used mechanical stirring or sonication to prepare for nanofluids without con-
trolling the temperature of the fluid or the mechanical force. The preparation approach
could be very important because it might result in completely different pH values, settling
behavior, particles agglomeration, and thus, thermophysical properties. Additionally, us-
ing an ultrasonic device, for fabricating nanofluids, will increase the temperature of the
fluid gradually but is strongly affected by the ambient temperature where the sample is
prepared, meaning that various locations or different weather conditions might likely re-
sult in producing a diverse nanofluid and lead to inconsistent test results.

e Use of important dimensionless parameters, such as Reynolds number, Prandtl number,
and Nusselt number, is encouraged in heat transfer research. However, unclarity existed
in many studies with regard to how to evaluate these dimensionless parameters. Thermal
properties of nanofluids are usually a strong function of temperature. Temperature depen-
dence is not clear in many previous studies. Some previous results compared convective
heat transfer results of various nanofluids and base fluid under the same Reynolds number
to similar flow control conditions. Variation due to addition of NPs on dimensionless pa-
rameters might not have been properly incorporated in some previous studies. A uniform
standard in experiments, analyses, and evaluations is required.

e Enhanced cooling efficiency using nanofluids as coolants has gained tremendous interest
among the researchers. Most of the studies have been performed with oxides of metals.
Heat transfer enhancement is much higher in the case of metallic nanoparticles, and en-
hancement is large even at very low volume fraction. Therefore, exhaustive studies on
low volume concentration, nanofluids with metallic nanoparticles, detailed characteriza-
tion of nanoparticles sizes, distribution, additives, and stabilizers (if used) are required to
be done.
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The factors influencing enhancement of thermal properties of nanofluids need to be inves-
tigated systematically. From a theoretical perspective, the mechanism of thermal conduc-
tivity enhancement is still not very clear. One of the possible explanations is the particle
motion in the form of Brownian motion. Another possible concept is nano-convection of
fluid around the particles due to their motion; in this concept, the particles transport some
of the amount of heat transferred through agitation in the liquid. This concept seems to be
a potential explanation for NPs behavior. Yet another concept of liquid layering around
the particle may give a path for rapid thermal conduction. Currently, a liquid shell around
the particles behaves like solids, is assumed, then adjustable parameters of shell thickness
and shell conductivity are to be thought of.

Particle motion induced by inter particles and other forces could be significant at the
nanometer scale and can be explored further, as such motions may contribute significantly
to energy transport at this scale. There is an urgent need for an atomic and nanoscale level
understanding of heat transfer in nanofluids.

Rheology of nanofluids is as important as thermal conductivity. Non-Newtonian behavior

of some nanofluids has been revealed, and this will further complicate the study. More-
over, many industrial processes are operated at turbulent conditions. It would be inter-
esting to have more deeper discussions on the effect of turbulence on nanofluids’ heat
transfer.

There is always a concern that NPs sedimentation can deteriorate heat transfer and ther-
mal performance of a system. Nevertheless, relatively high velocity of the nanofluid can
remove the accumulated particles, which may lead to reliable performance of nanofluidic
heat exchangers as revealed in some previous studies. Fouling effect due to NPs deposition
on pipe surface as well as similar wettability property as nanocoating can be explored. It
was reported that nanocoating has the advantage of reducing the surface roughness, which
strongly influences the shear stress at the boundary.

In many situations, the right ratio of NPs to base fluid should be found to obtain the
highest effective thermal conductivity as well as the lowest possible effective viscosity
from the fabricated nanofluid. This is important to meet the applications of heat transfer
and to overcome the pressure drop in the same time. Additional research inputs are needed
to develop very precise correlations to predict thermal properties and performance.

Use of intelligent computing techniques for predictive analysis is presently in its infancy,
but quite suitable for exploring the complex thermophysical properties of various nanoflu-
ids as low-cost solutions. A nanofluid database of thermophysical properties is needed;
it should include NPs composition, concentration, size, preparation method, additives (if
used), and temperature.
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