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Available online xoot including effects of base fluid and particle properties, particle diameter, morphology, concentration, temperature,

interfacial phenomena, Brownian motion, nano-scale heat transport and particle clustering. It is found that while
all correlations appear well supported with experimental data when originally published, the relative importance

ﬁ%gﬁ given to the various mechanisms is in conflict. Representative equations for nanofluid thermal conductivity are
Thermal conductivity compared with a much larger, updated experimental data set. While classical analytical continuum models
Prediction models generally under-predict the enhancement, surprisingly, there are also a small number of nanofluid data with
anomalously low thermal conductivity. Models which take into account nanoscale effects are generally found
to over-predict the enhancement when compared with a larger number of data. The most successful predictions
come from empirical equations where a regression analysis has fitted the correlation to a significant number of
experimental data. In this paper, a review of the latest experimental work is given, theoretical, analytical and
empirical investigations for predicting thermal conductivity of nanofluids are introduced and critical comparisons

of equations with available data are presented.
© 2015 Elsevier B.V. All rights reserved.

Contents

1. Introduction . . . . . . oL e e e e e e e e e e 713
Experimental investigations . . . . . . . . . L . . . e e e e e e e e e e e e e e e e e e e 713
2.1, Effectof particle diameter . . . . . . . . . . L L e e e e e e e e e e e e e 713
22.  Effectof volume fraction . . . . . . . . . . L L e e e e e e e e e e e 714
23.  Effectofbase fluid type . . . . . . . L L L e e e e e e e e e 714
24. Temperature dependence . . . . . . . . . . . L L e e e e e e e e e e e e e e e e 714
25,  Effectofaggregation . . . . . . . . L L L L e e e e e e e e e e e 716
3. Existing models for thermal conductivity of nanofluids . . . . . . . . . . . . L e e e e e 717
3.1, Classicalmodels . . . . . . . Lo e e e e e e 717
32, Solid-like nano-layer . . . . .. . L L e e e e e e e e e e e 718
33. Dynamicmodels . . . . . . . L e e e e e e e e e e e e e s e e 723
34.  Nanoscale heat transport . . . . . . . . . . . L e e e e e e e e e e e e e e e e e 726
3.5, Aggregationmodels . . . . . L L L L e e e e e e e e e e 726
3.6. Empirical equations . . . . . . . L L e e e e e e e e e 728
4. DISCUSSION . . v v v v v vt e e e e e e e e e e e e e e e e e e e 728
5. Conclusions and recommendations . . . . . . . . .. ... o oo e e e e e e e e e e e e e e e e e e e e 729
Nomenclature . . . . . . . . . o o e e e e e e e e e e e e 731
References . . . . . . . . o . e e e e e e 732

* Corresponding author.
E-mail address: ashkan.vatani@griffithuni.edu.au (A. Vatani).

http://dx.doi.org/10.1016/j.molliq.2015.07.043
0167-7322/© 2015 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2015.07.043&domain=pdf
http://dx.doi.org/10.1016/j.molliq.2015.07.043
mailto:ashkan.vatani@griffithuni.edu.au
Journal logo
http://dx.doi.org/10.1016/j.molliq.2015.07.043
Unlabelled image
http://www.sciencedirect.com/science/journal/01677322
www.elsevier.com/locate/molliq

A. Vatani et al. / Journal of Molecular Liquids 211 (2015) 712-733 713

1. Introduction

From the vast body of literature on nanofluids that has arisen over the
last two decades, it is clear that suspension of fine particles in convention-
al heat transfer fluids such as water, ethylene glycol and engine oil, is a
very promising approach for heat transfer enhancement. From a practical
point of view it is convenient to model this enhancement as an increase in
effective thermal conductivity of the fluid (e.g.[1,2]) . The earliest existing
equation useful for predicting the effective thermal conductivity of such
fluids was derived by Maxwell towards the end of the 19th century [3].
It gives no consideration to particle size (or motion) and was originally
developed for predicting electrical resistance of substances with dilute
concentrations of spherical inclusions. In spite of this, Maxwell's equation
has often been applied successfully in predicting effective thermal
conductivities of composite materials and fluids. Suspensions containing
millimeter or micrometer-sized particles appear to be most appropriate
for such continuum-based models and some practical success for heat
transfer enhancement has been achieved with large particles [4]. Howev-
er, it is clear that large-particle suspensions also suffer from numerous
disadvantages including settling of particles, erosion and clogging of pipe-
lines, agglomeration of particles and consequently pressure drop. The use
of nanometer-sized particles appears to be the key to removing these ob-
stacles. The suspension of ultrafine particles in fluids for the first time was
studied by Masuda [5] and Choi [6] who coined the term ‘nanofluid’.
Choi's study sparked enormous interest (and some controversy) in that
the experimental results not only demonstrated the practical success of
using nanometer-sized particles, but also highlighted questions about
the mechanisms for heat transfer since the reported effective thermal
conductivities were well in excess of anything that could be explained
by Maxwell's model or by other classical continuum-based mixing rules.

Many attempts have been made to verify and explain the anomalously
high thermal conductivities of nanofluids reported by some research
groups. During the last two decades, there have been numerous studies
on preparation of nanoparticles and nanofluids, stabilizing, measurement
techniques and applications of nanofluids in industry. Summaries of these
investigations are available in the literature [7-11]. Also, there have been
a large number of investigations on experimentally measuring and deter-
mining parameters that have an effect on the thermal conductivity of
nanofluids. In parallel, much effort has been invested into theoretically
determining the mechanism of the observed thermal conductivity
enhancement. Several review papers introducing different approaches
for prediction of thermal conductivity of nanofluids have been published
[12-14]. It has been shown that different parameters such as particle
volume fraction, thermal conductivity of base fluid and particle, size and
shape of particles, temperature and particle aggregation all have a
significant influence on the effective thermal conductivity of nanofluids
[5,15-30].

In spite of the controversies surrounding nanofluids, the unanswered
questions and the conflicting results among research groups, there
appears to be an emerging body of self-consistent experimental data,
giving confidence that progress is being made towards producing
nanofluids with reliable and predictable properties. In a recent study,
Corcione [31] developed an empirical correlation given by Eq. (1) show-
ing very good agreement with a vast number of experimental results.
The experimental data used were from eleven publications with either
water or ethylene glycol as the base fluid and four different nanoparticle
types with various sizes, temperatures and volume fractions. Eq. (1) is
also a good illustration of the parameters typically considered important
for nanofluid effective thermal conductivity. The thermal conductivity
ratio (keg/kpe) is expressed in terms of dimensionless groups made up of
fluid properties, particle properties and the volume fraction of particles
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In this equation Brownian motion is considered to have an influence
via ug which represents the mean or effective Brownian velocity given by:
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Because of the promising agreement of this equation shown in the
reference, we have selected Corcione's empirical correlation (Eq. (1))
as a convenient point of reference for discussion and comparison with
other theoretical models and correlations in this review.

There are many other practical correlations and theoretical equations
available that have not been compared with data sets as large as that
given in original work of Corcione. Therefore the aim of this study is to
bring together an extensive experimental data set including some more
recent results and quantitatively compare these data with representative
classical, theoretical and empirical correlations for the effective thermal
conductivity of spherical-particle nanofluids. To achieve this end, first a
review of experimental works will be presented. Then, key theoretical
and analytical investigations for prediction of thermal conductivity of
nanofluids will be explained and critical comparisons between experi-
mental data and model predictions will be carried out to show the
accuracy of existing models. In most of the experimental investigations
to date, Al,03, CuO and TiO, suspended in water and ethylene glycol
(EG) have been used. Therefore here we have focused on these types of
nanofluids for our comparisons. We have also restricted the study to
approximately spherical particles to avoid the added complication of
particle morphology. Readers interested in carbon nano-tube nanofluids
are referred to the recent review by Murshed and Nieto de Castro [32].
This study also could be of value to researchers working on simulation
of the thermal and hydraulic performance of nanofluids in different appli-
cations where selection of an appropriate thermal conductivity equation
is required. Maxwell's spherical particle equation in particular has been
used in both single-phase and two-phase treatments of nanofluids for a
range of applications [33-37].

2. Experimental investigations

Table 1 [5,15-30,39-62] gives a summary of some key experimental
investigations on the effective thermal conductivity of nanofluids. It is
evident from the table that a range of particle sizes and types, base fluids
and particle volume fractions have been considered. The most popular
choice for the base fluid is water and the most commonly considered
particle type is aluminum oxide. This is probably due to relatively low
cost and high thermal conductivity of aluminum oxide nanoparticles. It
is also observed that in most cases, the transient hot wire (THW) method
has been used to measure the thermal conductivity of suspensions. This
is due to the higher precision and faster response of the THW method
compared to other measurement techniques [11,63].

2.1. Effect of particle diameter

By definition, the particle size is the feature that distinguishes
nanofluids from other types of particle suspensions. In addition to the
anomalous enhancement observed for small concentrations of nanopar-
ticles, variation of effective thermal conductivity with particle size is
strong evidence for non-classical nanoscale behavior. The thermal
conductivity of nanofluids with different particle size distributions has
been measured using several techniques during the past two decades
to study anomalous enhancement beyond that expected from classical
model predictions. One of the first studies on nanofluids was carried
out by Masuda et al. [5] where they reported a 30% increase in thermal
conductivity of Al,Os-water nanofluid with 4.3% volume fraction. The
effect of particle diameter is shown in the difference between the results
of Masuda et al. with an average particle diameter of 13 nm and those for
Lee et al. [15], where they obtained only 15% enhancement in thermal
conductivity of the same nanofluid with the same volume fraction, but
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