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Abstract

Nanofluids are colloidal suspensions constituted of nanoparticles and typical heat transfer fluids which have shown potential
in yielding enhanced heat transport for many applications. Significant attention has been paid to their thermal conductivity
enhancement which has been alleged, in some cases, to exceed theoretical limits classifying the enhancement as “anomalous”.
The present study aims to quantitatively investigate the nature of the enhancements reported in the literature and classify their
alignment with theoretical predictions. To do so, a rigorous and objective mathematical analysis method has been employed.
The novelty and value of the present work lies in the deeper characterisation and understanding of the anomalous observa-
tions reported. The present analytical study focuses on (spherical) Al,O;—water nanofluids. It was discovered that studies
involving low nanoparticle concentrations (¢ < 0.2 vol%) and the use of electrostatic stabilisation (through pH control) as
opposed to steric stabilisation (using surfactants) as suspension stability control methods are likely to report anomalous
effects. An exceptional case was observed for d < 15 nm, where to achieve anomalous enhancement, surfactants and pH
controllers should not be used to prevent significant interfacial resistance. The shared characteristics of these anomalous
observations indicate that nanofluid preparation effects are linked to the underlying physical mechanisms of heat transfer
involved and those should be further investigated. The failure of studies attempting to replicate anomalous thermal conduc-
tivity enhancement in the literature could hence be understood, as these did not satisfy the conditions required to lead to an
anomalous enhancement. The role of measurement errors was also considered.
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r Nanoparticle radius (nm)

T Nanoparticle cluster/agglomerate radius (nm)
S Standard error of regression (—)

Re Reynolds number (-)

T Temperature (K)

\% Nanoparticle volumetric fraction (v/v) (-)
X Nanoparticle mass fraction (m/m) (-)
Subscripts

bf Basefluid

1 Nano-layer

min Minimum

nf Nanofluid

P Particle

r Reduced dataset

sample Sample

Introduction

Nanofluids are colloidal solutions of a base fluid within
which nanoparticles (with diameters d < 100 nm) are sus-
pended with concentrations below 1 vol%. They have
received significant attention from the scientific community
due to their potential for enhancing heat transfer; however,
their underlying physical mechanisms are yet to be fully
understood. In the literature, both enhancement and deterio-
ration have been observed, depending on the characteristics
of the nanofluid, the heat transfer mode, the operating condi-
tions and the apparatus considered. Many of these param-
eters either were not fixed or remained unreported (for exam-
ple, time between nanofluid preparation and measurement,
particle size distribution in suspension). This has created
substantial ‘noise’ in the reported results which, unavoid-
ably, make the field difficult to navigate. Most importantly,
the complexity of quantifying the unknown boundary condi-
tions and resulting nanofluid thermal performance has hin-
dered their commercial deployment.

Regarding recent works on anomalous thermal conductiv-
ity enhancement in nanofluids, Hashimoto et al. [1] reported
anomalous enhancement in an SiO, nanofluid (up to 11%
enhancement in thermal conductivity, exceeding theoretical
predictions). This result is highly interesting, as SiO, has a
lower thermal conductivity compared to metal oxides such
as Al, O, yet still provides significant thermal enhancement.
This led the authors to hypothesise that the enhancement is
arising not from the contribution of the higher thermal con-
ductivity of the dispersed phase, but by some effect of the
dispersed phase on the bulk phase. To investigate this, they
conducted neutron and X-ray scattering in addition to Raman
spectroscopy to investigate the interactions of the bulk fluid
molecules and the dispersed phase. They found the adsorbed
liquid layer to be less than 10 nm, and the dispersed phase
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to cause significant effects on the vibrational states of the
fluid molecules. In essence, the dispersed phase was found
to be acting as an impediment, reducing the mean free path
of the fluid molecules and enhancing phonon conduction in
the liquid, enhancing the thermal conductivity.

Hashimoto et al. [2] also reported anomalous enhance-
ment for the same nanofluid in a forced convection sys-
tem (for the same pumping loss, an 18% enhancement
was reported with 300 nm diameter particles). They also
observed particle size to affect the thermal conductivity
and convective heat transfer enhancement. Somarathna
et al. [3] demonstrated that anomalous thermal conductiv-
ity enhancement reported in molecular dynamics simulation
(MDS) studies can be attributed to the application of the
Green—Kubo method, which is insufficient to fully define
the system. Instead, using a non-equilibrium MD approach,
more sensible results are obtained. For their Argon-Copper
system (¢p = 4.5 vol%), they found interfacial effects to dom-
inate and suppress other mechanisms such as micro-convec-
tion. This latter result is expected, as they used incredibly
small particle sizes (diameters from 1 to 10 nm). Interest-
ingly, they observed the arrangement of chain-like structures
to yield up to a 67% enhancement in the thermal conductiv-
ity, without incurring a viscosity increment, strengthening
the case for this augmenting mechanism.

Woo et al. [4] used a high-power laser to ablate a graph-
ite target in deionised water, reporting up to 82% enhance-
ment in thermal conductivity for the smallest particle size
and highest concentration obtained (d=109.5 nm, 0.062
mass%). The nanofluids field has developed further, with
the introduction of magnetic nanofluids, otherwise known as
‘ferrofluids’. Vinod and Phillip [5] detailed recent advances
in these fluids, which exhibit good thermal conductivity
enhancement without viscosity increment under conditions
of small, monodisperse particle size distributions—advan-
tageous for pumping applications. The application of a
magnetic field to these fluids is seen to enhance the thermal
conductivity due to the formation of chain-like structures
up to a critical field strength, after which the enhancement
reduces to a reduction in the aspect ratio of the agglomer-
ates. In addition to offering tuneable thermal performance,
these effects demonstrate the importance of particle size
distribution and the arrangement of the dispersed phase in
determining thermal performance.

The thermal performance of nanofluids under the four
major modes of heat transport (conduction, convection, pool
boiling and flow boiling) has been widely investigated and
reviewed in the literature [6—11]—with lack of agreement
even between similar reported boundary conditions. To eval-
uate the discrepancy between reported results, Sergis and
Hardalupas [9] conducted a statistical analysis of published
nanofluid thermal performance data in an attempt to evaluate
the trends of ‘noisy’ datasets. This study reported the most
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common thermal performance and associated deviations
for a given system and summarised the proposed physical
mechanisms responsible for the identified trends.

Although useful in clearly elucidating what performance
to expect—on average—for a given system condition, no
significant progress has been made towards a feasible, test-
able theory on the fundamental thermal performance on
nanofluids. Recommendations have been made in the litera-
ture to improve standardisation, encouraging researchers to
provide a standard set of parameters associated with their
work. These include but are not limited to:

e pH (or zeta potential)
e Surfactant type and concentration (if used)
e Concentration

o Ideally in volumetric percentage, as volume effects
dominate at the small length scales present in nano-
fluid systems

e Ultrasonication time, power, device type

o Lower power, ultrasonic baths are preferred over
high power, ultrasonic probes [12]

e TEM analysis (shape, particle size distribution)

o Many studies do not present TEM images, which
means there is no verification of the nano-powder
properties reported by the manufacturer

o We have previously reported on discrepancies
between manufacturer-stated and observed proper-
ties in a nano-powder product sourced from a repu-
table supplier. The nanoparticles were claimed to be
spherical and of a certain size, however from TEM
analysis the particles were in fact seen to be non-
uniform in size and shape (non-spherical) [13]

e Time between ultrasonication and experiment

o Nanofluid stability is the dominant parameter that
determines nanofluid thermal performance

o Even small differences in time between the comple-
tion of ultrasonic dispersion and experimentation
(on the order of hours) can have significant effects
on stability—which will reduce over time—and
hence thermal performance

By standardising the data, the effects of individual param-
eters that we are interested in can be isolated and understood
clearly, without discrepancy. The above is one of the key
reasons current replication studies in the literature have not
succeeded [14]. The above protocol should be tested and
iterated upon, to ensure that independent system variables
that contribute significantly to the measured outcome remain

fixed. For example, it may be that there is a tolerance for
allowing some flexibility in the time between ultrasonica-
tion and experimentation without significantly affecting the
reported results.

Given that the landscape of nanofluid research and appli-
cations has not significantly progressed due to a lack of
repeatability and a continued discrepancy in the reported
data, additional research into these issues and what can be
done to resolve them is needed. The previous study by Sergis
and Hardalupas [9] did not consider parameters linked to
stability (pH and surfactant use), and the parametric analysis
was limited due to the small sample sizes for each heat trans-
fer mode given the wide scope of the study. Hence to extend
the application and statistical power of the trend analyses,
system parameters such as nanoparticle material must be
fixed. Thus, the scope of the present critical analysis was
reduced to experimental thermal conductivity performance
of alumina—water nanofluids. Thermal conductivity was cho-
sen as it is the most fundamental heat transfer mode, and
without an adequate understanding at this level it is not sen-
sible to introduce higher-mode phenomena. Alumina—water
was chosen as the nanofluid at is the most widely studied,
enabling the collation of a large dataset.

Quantifying the effects of variations in nanofluid stabil-
ity (as inferred by reported pH, zeta potential or surfactant
usage) on thermal performance, combined with the data on
nanoparticle concentration and size, led to novel insights
that have not been previously reported in the literature to
our knowledge. These insights explained a lot of the discrep-
ancy of the literature, especially in studies that attempted to
replicate ‘anomalous’ thermal conductivity enhancement.
This study presents, and reports on the boundary condi-
tion-dependent nature of anomalous thermal conductivity
enhancement in alumina nanofluids, although in theory this
behaviour should extend to other materials.

With such a vast dataset, the accuracy of theoretical and
semi-empirical models of nanofluid thermal conductivity
presented in the literature could also be assessed. Several
models exist, building upon classical Maxwellian theory
[15] by attempting to account for the additional postulated
mechanisms of heat transport, such as Brownian motion
induced nanoconvection. From our data, nanofluids exhibit
two distinct modes of thermal conductivity enhancement,
and by segregating the data based on these modes, the result-
ing accuracy of the models was improved. Nanofluids that
exhibit anomalous enhancement have a distinct behaviour
from those that exhibit conventional enhancement, and so
they must be modelled differently. Our approach to this issue
is detailed in this paper, with the most accurate models for
each enhancement mode providing some indication of the
responsible underlying physical mechanisms.

The main aim of the present study is to critically assess
reported observations of anomalous thermal conductivity
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enhancement in alumina—water nanofluids reported in the
literature. As part of this assessment, the number of inde-
pendent researchers observing the anomaly is identified
which allowed a deeper investigation into the experimental
conditions observed (e.g. nanoparticle concentration and sta-
bilisation methods employed). Correlation of specific experi-
mental conditions leading to the anomalies could hence be
identified and examined further in order to offer additional
understanding on the underlying mechanisms causing them.

The paper is structured as follows. First, the methodol-
ogy of the present critical analysis is presented. This covers
the scope of the study in terms of the considered nanofluid,
how publications were sourced and what types of publica-
tions were considered, how the database was formulated and
processed to minimise bias, how the considered thermal con-
ductivity models were selected and how their accuracy was
quantified.

From this basis, we generate a set of results, which is
presented in the following section. The probability distri-
bution of the reported enhancement in thermal conductiv-
ity for alumina—water nanofluids is presented to gauge the
typical thermal performance to expect for this nanofluid, in
addition to allowing the quality of the sampled (reduced)
database to be validated. The data is then categorised based
on the measurement technique that was employed—with
these techniques introduced to the reader. The data is also
categorised based on whether the reported enhancement in
thermal conductivity exceeds that predicted by theory—
with the underlying theory explained. The nanofluids that
exhibit enhancement in excess of this theoretical limit are
then classified as ‘anomalous’, whereas the remainder of the
dataset is classified as ‘conventional’—pertaining to their
thermal behaviour. Finally, this section employs the consid-
ered thermal conductivity models to assess their accuracy.
This analysis is conducted separately on the anomalous and
conventional nanofluids as they exhibit idiosyncratic thermal
behaviours.

The results section is followed by the discussion, in which
the collected data pertaining to the abovementioned anoma-
lous nanofluids is investigated to better characterise them.
With these unique characteristics determined, we again con-
sider the potential contribution of measurement error in the
anomalous data. Further analysis of the database fails to pro-
vide evidence to support the existence of significant meas-
urement error in these anomalous datapoints, and hence,
some key potential mechanisms are explored. Based on the
accuracy of the models and their underlying assumptions,
some indication is given to the most probable mechanisms
at play in the considered nanofluids.

The conclusion summarises the findings of the present
critical analysis, in addition to making some key recom-
mendations for future work—such as the development of
a standardised experimentation protocol for nanofluid
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experimentation such that reliable, replicable measurements
can consistently be achieved by independent researchers.
Guidance is given on how to proceed with respect to inves-
tigating the presently identified anomalous alumina—water
nanofluids further (in a benchmark study).

Methodology

The considered data were identified from publications (from
journals that are above Q2 in the corresponding field) and
were sourced using major publication databases and jour-
nal search engines (Scopus, Google Scholar, ScienceDirect
and Imperial College Library). The dataset was limited to
experimental data related to Al,O;—water nanofluids under
ambient pressure, which are the most studied nanofluids and,
therefore, a larger number of studies are available. The error
incurred by reading data points from graphs was of the order
of 1-5%. The reported nominal nanoparticle diameter (d) of
the mixtures is usually based on information provided from
the manufacturer and, when stated as a range, the average
diameter was reported, while, when stated as lower than a
given value, the reported diameter was assumed. Thermal
conductivity data was sourced from 72 publications (n="72
[16-87]) yielding 343 observations (n=343), with evidence
to support the sufficiency of this sample size presented in
Sect. "Anomalous Enhancement or Measurement Error?”.
Box/violin plots sourcing data from fewer than 5 publica-
tions (N <5) were treated as statistically insignificant, and
hence were not plotted [88]. The optimal bin width for use
in the reported bar plots was calculated from the formula of
Scott [89]. A custom-made Python code was used to con-
duct the data processing and statistical analyses. Python
v3.9.13 was employed with the open-source libraries
numpy (v1.21.5), matplotlib (v3.5.2), scipy (v1.9.1), pandas
(v1.4.4), seaborn (v0.11.2) and sklearn (v1.0.2).”

Several issues may be present in the identified data-
base. Since the characteristics of the nanofluids of each
study are unique (stability, concentration, nominal and
agglomerate diameter), analysis of the database without
any preliminary data processing would bias the results
in favour of publications from which a greater number
of observations (n) were sourced. Furthermore, potential
trends may have originated from a single publication, and
hence would be uncorroborated and potentially be subject
to systematic error. Alternatively, numerous points from a
single study could obfuscate a corroborated trend between
several independent publications. These issues were
overcome by randomly sampling an equivalent number
of observations from each publication to form a reduced
dataset, thus weighing the results of each publication
equally. The number of observations randomly sampled
from each publication (n;) was determined such that the
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resulting reduced dataset did not vary significantly when
the sampling procedure was repeated (yielding n, observa-
tions from N, publications). In processing the dataset in
this way, it was assumed that each publication was inde-
pendent, whereas several publications may have originated
from the same groups/authors.

Data from both a and y crystalline phases of Al,O5 nano-
particles were collated. As discussed later in Sect. ”Char-
acterising Anomalous Nanofluids”, depending on the crys-
talline phase of alumina used, the isoelectric point (IEP)
changes, which affects nanofluid stability [13], and hence
may influence the nanofluid thermal conductivity (for exam-
ple, Xie et al. [51] found thermal conductivity enhancement
to increase as one adjusted the pH of the nanofluid further
from the IEP). However, the crystallographic phase of alu-
mina has been reported to have no effect on the thermal
conductivity of alumina nanofluids [51], thus justifying the
inclusion of both crystalline phases in the dataset.

Regarding the investigation of the accuracy of nanofluid
thermal conductivity theoretical and semi-empirical models,
only models applicable to the presently considered nano-
fluid were selected. These were mainly sourced from the
review of Lee et al. [8], which also details the underlying
assumptions and theoretical justifications of the models used
herein [15, 56, 90—108]. The main assumptions required by
the selected models were that the nanofluid was constituted
of spherical nanoparticles and had low nanoparticle con-
centration. Most authors in the collated dataset verified the
spherical shape of their particles via transmission electron
microscopy (TEM), satisfying the former assumption. Data
points obtained from nanofluids constituted of non-spheri-
cal particles were excluded, for example, Hwang et al. [61]
tested an assortment of shapes, including platelets, blades
and bricks.

Several models of the thermal behaviour of spherical
nanoparticles in solutions were tested in the current study
to assess their validity in describing experimental results.
The current study did not consider some published models
[8, 109], which included derivations that were dimension-
ally inconsistent.

Some of the models contained undefined parameters,
such as empirical constants in the case of semi-empirical
models and unmeasured parameters in theoretical models,
such as nano-layer thermal conductivity. These were speci-
fied through curve fitting routines, i.e. tweaking undefined
parameters using non-linear least squares fit methods, so
that model accuracy was maximised. Some of these param-
eters were arbitrary coefficients, whilst some other param-
eters were claimed to have a physical basis by the authors.
The magnitude of the parameters that were stated to have
a physical basis was assessed, to verify whether they were
physically sensible. In some cases, the selected magnitudes
were not realistic (discussed later).

With regards to quantifying the accuracy of thermal con-
ductivity models, the regression coefficient R? applies only
to linear models. Given that most of the models were non-
linear, an alternative approach was required. The standard
error of regression (S)—also known as residual standard
error—fulfils this requirement, as it is applicable to lin-
ear and non-linear regression models [110]. To satisfy the
assumption of low nanoparticle concentration made by some
models, only data points with volumetric concentration ¢ <
20 vol% were initially included in the analysis (Jeffrey [95]
investigated nanofluids up to this concentration with their
model which assumed low concentration). It was desired
to reduce the maximum concentration used in the dataset
further to omit denser nanofluids, which would exhibit
increased agglomeration and larger viscosities, yielding
fluids more akin to slurries as opposed to dilute colloids
(recalling the definition of a nanofluid from the Introduc-
tion). It was observed that reducing the maximum concentra-
tion of the dataset from 20 to 13 vol% had no effect on the
results (e.g. accuracy of the models), and hence this value
was used.

The thermophysical properties of Al,0; and water used
for calculations are presented in Table 1. The effect of tem-
perature on these thermophysical properties (as tempera-
tures above ambient were considered in the dataset) was
accounted for through employing the equations of Zografos
etal. [111].

When computing predicted values from the consid-
ered thermal conductivity models, the sample size of the
original dataset was reduced further, as for example, some
models required diameter d and temperature T as additional
input parameters. The resulting number of publications and
total observations for these filtered datasets is presented in
Table 2. Table 2 shows that the filtered datasets remain suf-
ficiently large (N, > 50, n. > 100).

Results
In this section, the reduced dataset is used to visualise

the distribution of the reported enhancement and quantify
the most common—and hence most probable—thermal

Table 1 Thermophysical

. Property Value

properties of Al,O; and water at

T=293K [112] k/Wm™' K 42.64
K,/Wm™! K~ 0.613
py/kgm™ 3880
Poi/kgm™> 1086.27
cpp/Tkg™ K 765
copifTkg™ K™ 4179
tp/Pas 9.93x107*
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Table 2 Number of publications

L Parameters N, n,
and observations in the reduced
gataset an(:1 theﬁrlesulgng v 67 134
atasets when filtered to
accommodate additional vd 64 128
parameters vT 52 104
v, d, T 49 98

performance expected for the considered nanofluid. The
performance of the reduced dataset is then checked to
verify it retains a large enough sample size to avoid sig-
nificant error, in addition to repeatedly sampling the full
dataset to ensure insignificant variation in the resulting
reduced dataset of the considered size. Following this,
the working principle for the different methods of ther-
mal conductivity measurement employed in the nanoflu-
ids research field are introduced and explained. There
have been reports of discrepancy between the different
measurement methods—even for identical nanofluids,
and so we categorised the data based on measurement
method to investigate this issue, analysing the resulting
probability distributions and parameter spaces. The con-
cept of anomalous thermal conductivity enhancement
is introduced and defined in the context of fundamental
theoretical models, from which the data is classified as
falling into either the mode of anomalous or conventional
thermal conductivity enhancement. The performance of
the considered theoretical and semi-empirical models is
also investigated.

Overall thermal conductivity performance
and the reduced dataset

The distribution of the reported thermal conductivity ratios
of the full and reduced datasets is presented in the bar plot in
Fig. 1. The reduced dataset increases the weighting towards
lower enhancements of thermal conductivity (between 1 and
9%), indicating that the full dataset may have been biased
towards larger enhancements (>10%). Considering the
reduced dataset, most observations (47%) report enhance-
ment between 0 and 4%. This value differs from the previous
work [9], which obtained a modal enhancement between 5
and 9%, indicating that nanofluids other than Al,O;—water
yield greater enhancements in thermal conductivity on
average.

Sample size justification

After omitting bias from the dataset through the formulation
of the reduced dataset (i.e. randomly sampling 2 observa-
tions from each publication), the effect of sample size (num-
ber of publications sampled, Ng,,,,c) on the distribution of
the reported thermal conductivity ratios (k,g/k,¢) was inves-
tigated in order to verify that the sample size was sufficient.
The results are presented in Figs. 2a and b.

From these figures, it is seen that after sourcing data
from more than 40 publications, no significant change in
the probability distribution and square error is observed
(max square error reduces from 24 to 5%). The repeat-
ability of this sampling method is demonstrated in Fig. 3,
where no significant change in the measured variables is
observed whilst repeatedly sampling 40 publications from

Fig. 1 Bar plots (full and
reduced datasets, optimal bin
width) of percentage thermal a0k
conductivity enhancement
for Al,Os;—water nanofluids o
under atmospheric pressure, %
293 K<T <333 K. N,=68 5
as the data for non-spherical ® 0T
particle nanofluids from Hwang %
et al. [61] is included, reduced §
dataset 5
o 20
(=]
I}
c
o}
IS4
[
& ot
0
S N T
Q < \Q \03 "bg
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Fig.2 Effect of randomly (a)
sampling differing numbers Number of bublicati ed (N
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Fig.3 Effect of repeatedly sampling 40 random publications
(Ngample =40) on the a probability distribution of thermal conductivity
ratio (k,/k;), and b resulting square error (with reference to the case

N, =N,=67), reduced dataset

sample

the full dataset. Hence the reduced and presently used
sample size (N, =49, Table 2) sufficiently represents the
full population whilst omitting bias.

Knf Tk pf

Measurement technique

As mentioned above, discrepancy has been reported between
different thermal conductivity measurement techniques.
These discrepancies will depend on the unique characteris-
tics of each approach, and so an introduction to the working
principle of each method is provided, in addition to consid-
eration of the reported discrepancies in the literature. This
analysis is then extended to the present data, in which the
discrepancy between measurement methods for similar sys-
tem parameters is investigated.

Thermal conductivity can be measured using either tran-
sient or steady-state approaches, with typical methods shown
in Fig. 4. A key issue in measuring the thermal conductivity
of fluids is the presence of natural convection, induced by
temperature gradients during the process of sample heating.
To allay this in transient applications, smaller sample sizes
are used, and measurement times are minimised. In steady-
state applications, thermal equilibrium is established [113,
114].

The transient hot-wire method (THW) is shown in
Fig. 4a, in which the temperature rise in one or two metallic
wire(s) undergoing resistive heating is measured and used to
infer the thermal conductivity of the sample medium. Spe-
cial attention is given to the accuracy of this measurement
method in Sect. 5.2, as it is the most widely used and there

@ Springer



9368

M. Igbal et al.

Transient

Steady-state

f_%f_H

(a) (b) (c) (d) (e)
Transient hot wire Transient plane source 3w Laser flash Parallel plate
(THW) (TPS)
¢ '
T o> Thermal constants C | o
analyser NZ »\
Heat sink
\
\ Laser pulse f
Resistor Nanofluid Probe Nanofluid Wire Nanofluid Nanofluid Insulation Nanofluid

Fig.4 Thermal conductivity measurement methods (adapted from [11

is contention on its applicability to nanofluids. For exam-
ple, for THW probes which are not electrically insulated,
parasitic currents may augment the reported heat transfer
measurement—but not the true physical value [14].

The transient plane source (TPS) method is shown in
Fig. 4b, which operates under similar assumptions as the
THW method, except that the heat source is a circular plane
instead of an infinite line.

The 3w method is shown in Fig. 4c, in which a sinusoidal
electrical current of frequency w is passed through a micron-
sized thin film metal heater. Using this technique, thermal
conductivity can be measured using just a droplet of sample
medium [45].

The laser flash method is shown in Fig. 4d, in which the
sample is heated by an energetic laser pulse from one side,
and the temperature rise of the sample is measured from
the other side (e.g. using infrared imaging). This method is
advantageous in that the heating of the sample occurs on the
timescale of nanoseconds, eliminating contributions from
natural convection [115].

The steady-state parallel plate method is shown in
Fig. 4(e) (concentric cylinders can also be used). Upon
the establishment of an equilibrated temperature gradient,
thermal conductivity can be computed from Fourier’s Law.
However, in practise it is difficult to perfectly insulate the
system and prevent heat losses [114].

The 3w and TPS methods are disadvantaged in that they
usually require calibration and lack a strong theoretical basis
[113]. Some authors have attempted to compare the meas-
ured thermal conductivities obtained by different methods
for identical nanofluids. For example, Buonomo et al. [116]
compared the laser flash and TPS methods and found their
results to be similar. Aparna et al. [117] compared the laser
flash and THW methods and found the latter to yield greater
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enhancements in nanofluid thermal conductivity. Using
MDS results, they argued that the THW method is more
reliable than the laser flash method, as the small length scale
of the laser flash system (0.3 mm in their case) reduces the
collision flux of the nanoparticles in the sample across the
thermal boundary layer, thus inhibiting heat transfer. Fur-
ther details on the different methods of measuring thermal
conductivity are presented in a review by Xu et al. [118].

The data was categorised by the experimental technique
used to acquire the measurements, with the results presented
in Fig. 5 (where N,>4). The measurement techniques were
the THW method, the THW method with an electrically
conductive sensor (THWe) and the transient plane source
method (TPS). It is important to note that although some
THW devices are stated to be electrically insulated (e.g.
KD2 Pro KS-1 probe), this does not guarantee their electri-
cal insulation in use (e.g. a Teflon coating is sprayed to the
probe surface before use [93]; however, how this coating per-
forms/deteriorates is unknown). The most commonly used
method for thermal conductivity measurements in nanofluids
was THW (= 67% of publications), followed by THWe (~
10%) and TPS (= 8%). The greatest modal enhancement was
reported by the TPS method (5-9%, 60% of observations).
Identical modal enhancements were reported by the THW
and THWe methods (0-4%), although the THWe method
had a greater proportion of observations in this range and
yielded no observations of extreme enhancement (>40%),
even when considering the full dataset.

It appears that different measurement techniques might
be leading to differently reported results, which could
be explained by differences in particle concentrations
and sizes. Figure 6 shows the distribution of volumetric
concentrations and particle sizes categorised by measure-
ment method, where it is seen that the concentrations are
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Fig.6 Violin plots showing the
parameter space for the con- 10
sidered measurement methods
for Al,O;—water nanofluids
under atmospheric pressure,

293 K< T <333 K, reduced
dataset (";= 2). The parameter
spaces are seen to be sufficiently
similar between the different 67
measurement methods, and
hence based on this one would
expect a similar distribution in 4
reported thermal enhancement
in Fig. 5 between the different
methods
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similar; however there is some discrepancy between the
particle sizes used, specifically between THW(e) and TPS.
Overall, this suggests that the particle concentrations and
sizes of the nanofluids considered by each measurement
technique were sufficiently similar to expect comparable
measured thermal conductivity values. Thus, our findings
agree with the literature, in that a discrepancy does exist
between thermal conductivity measurement methods in
the context of nanofluids. However, the differing stabilisa-
tion and dispersion of these nanofluids will also contribute
to the discrepancies, as although the concentrations and

TPS

THWe THW TPS THWe

Measurement method

particle diameters are similar, the particle size distribu-
tions can be expected to vary.

Anomalous thermal conductivity enhancement

For an enhancement in nanofluid thermal conductiv-
ity to be deemed ‘anomalous’, it must exceed the upper
bound of effective medium theory (EMT), given by the
Hashin—Shtrikman (HS) upper bound [94, 119]. The lower
HS bound reduces to Maxwell’s equation [15] and repre-
sents the worst-case scenario from the perspective of EMT
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Fig.7 Plot of nanofluid volumetric concentration versus thermal con-
ductivity ratio (k,¢/k,) for Al,O;—water nanofluids under atmospheric
pressure, including Hashin—Shtrikman bounds and colour map of
nanoparticle nominal diameter, 293 K<T <333 K, N,=64, reduced
dataset

(uniformly dispersed noninteracting spherical particles).
Figure 7 shows that the thermal conductivity of the investi-
gated nanofluids can exceed the upper HS bound at low vol-
umetric concentrations (¢< 0.2 vol%), lie within the bounds
at intermediate concentrations (0.2 vol% < ¢ < 1.0 vol%)
and lie below the lower bound at higher concentrations (¢
> 1.0 vol%). Nanofluids falling within theoretical predic-
tions are classified as conventional nanofluids herein. Fig-
ure 7 also includes a colour map of the manufacturer stated
nominal nanoparticle diameter (d) for each data point, which
shows that the usage of small nanoparticle diameters does
not guarantee anomalous enhancement and that anomalous
enhancement was reported even for quite large particles (d
~ 100 nm). No clear dependence on d is observed, making it
difficult to predict the nanofluid thermal conductivity based
on this parameter. Since the reduced dataset was used, these
results are unbiased and corroborated by several authors (12
independent publications reported anomalous enhancement
for ¢ < 0.2 vol%). One could argue that these anomalous
data points could lie within the HS bounds, when account-
ing for the uncertainty in their measurement. Tertsinidou
et al. [113] collated similar data (thermal conductivity of
Al,Os;—water nanofluids under ambient conditions), noting
the measurement uncertainty where reported. This ranged
from 0.05 to 5%. Even taking the worst case (+5%), most of
the observed data points still lie beyond the limit of uncer-
tainty (> 10%). In fact, it has been reported that uncertainties
in nanofluid thermal conductivity measurements are mainly
systematic, and hence eliminated on computation of the
effective thermal conductivity ratio (i.e. enhancement) [14].
Alternatively, it could be argued that these anomalous data
points are caused by higher system temperatures; however
all the anomalous data points displayed in this figure were
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measured at ambient temperatures (298 K <7< 301 K), thus
negating the possibility of higher system temperatures aug-
menting the enhancement. Hence, assuming the underlying
experimental and measurement methods were sensible, these
data points appear to indicate an anomalous, i.e. unexpected,
behaviour. These observations of anomalous enhancement at
low concentrations have also been reported for other nano-
fluids by several authors [8, 47].

Theoretical/semi-empirical modelling

The data points of anomalous enhancement (herein denoted
also as nanofluids behaving under the mode of anomalous
thermal conductivity enhancement or anomalous nanofluids)
exhibited in Fig. 7 elude all the tested nanofluid thermal con-
ductivity models, even when the fitted parameters are based
on the entire reduced dataset (conventional and anomalous
data points). To improve accuracy, data points of anoma-
lous enhancement (exceeding the upper HS bound) were
omitted and modelled separately. Segregating the data into
two regions, namely anomalous/conventional modes, is a
good tool for analysis. However, it poses the difficult issue
of predicting in which mode a given formulated nanofluid
falls under. Indicative characteristics of anomalous mode
nanofluids are presented in Sect. ”Characterising Anomalous
Nanofluids”.

Table 3 lists the theoretical and semi-empirical models
investigated in this work. Full equations and parameters
are provided, with further details available in the original
publications. Constants are also provided, and indication is
provided for ‘fitted” constants—i.e. obtained via statistically
fitting a model function against the measured experimental
data. The underlying assumptions behind each model (e.g.
spherical particles) and the mechanism type (e.g. nanocon-
vection) are also listed. From this information, the accuracy
of each model (under each of the two enhancement modes)
was quantified by computing the standard error of regres-
sion, S (representing the error in enhancement fraction, e.g.
0.01 indicates a 1% error between predicted and observed
enhancement). For the conventional mode these values are
visualised in Fig. 8, quantifying the accuracy of the tested
models.

With regards to the fitted parameters in Table 3, the fitted
value of f in the Jang and Choi model was sensible, as f§ ~
0.01 [101] (p is defined as the ratio between effective nano-
particle conductivity—reduced by interfacial resistance—to
that of the nanoparticle alone, ranging between O and 1). The
order of magnitude for the parameters in the Koo and Klein-
streuer function (f (v,7)) is larger than what they obtained
in their work for a CuO nanofluid [102], which may be due
to the differing definitions of ¢ and volumetric fraction (v)
used. The value of 7 (particle relaxation time) in the Yang
model is of a sensible order of magnitude [104]. Regarding
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the fitted parameters in the Prasher model, the values sug-
gested in their work (A =40,000 and m=2.5 [103]) were
used both as fixed parameters and initial guesses for the fit-
ted parameters. In the former case (using the values as fixed
parameters), this yielded low prediction accuracy, whilst,
in the latter case (initial guesses for the statistical model),
although the accuracy was improved, values markedly dif-
fered from their results. The final fitted parameter was the
nano-layer density, p;, in the Ren et al. model [105]. The
predicted thermal conductivity ratio was found to be insensi-
tive to p;, hence p, =p,; was assumed.

For the conventional nanofluids, it is seen that the model
of Koo and Kleinstreuer [102] yields the best accuracy
(error of 4%), significantly outperforming the other consid-
ered models (the next best model was that of Jang and Choi
[101], with an error of 5%). Despite this, even the models
exhibiting a 4% error in predicting thermal behaviour may
have high uncertainty to use in predicting behaviours of such
fluids in practice; especially when considering a necessary
added safety factor to avoid criticality within certain applica-
tions of interest (e.g. nuclear).

Repeating the above analysis for the anomalous nanoflu-
ids, the values of the fitted parameters and accuracies are
provided in Table 3 enclosed in brackets. For these nano-
fluids, the model of Prasher et al. [103] was most accurate
(7.5% error), followed by the model of Koo and Kleinstreuer
[102] (10% error) and Jang and Choi [101] (10.5% error).
The accuracies are represented visually in Fig. 9, where it
is seen that overall, most of the tested models were severely
inaccurate (errors above 10%). As expected, the accuracy
of the HS upper bound exceeds that of the lower bound,
and other EMT models, as the anomalous data points lay
above the HS upper bound. Investigation of the fitted param-
eters revealed them to be less physically sensible than those
obtained for the conventional nanofluids. For example, the
value of f in the Jang and Choi model was 3.36 for anoma-
lous nanofluids, whereas Jang and Choi suggested a value ~
0.01 to be sensible [101] (recall that $ should range between
0 and 1). This raises questions as to whether the models con-
tain enough of the fundamental physics to be able to predict
certain colloid thermal behaviours or whether the models
might have been a result of a forced curve fitting correlation.

The presented findings may suggest that the physical
underlying mechanisms of the most accurate models are
responsible for the observed conductivity enhancement.
As such, conventional enhancement can be attributed to
nanoconvection (from the model of Koo and Kleinstreuer
[102]), whilst anomalous enhancement can also be attrib-
uted to nanoconvection (from the model of Prasher et al.
[103]). However, the accuracy of these models is more
likely to be attributed to their statistical fitting to the data
opposed to the correctness of their underlying assumptions,
further justified by the marked difference in the magnitudes
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of the fitted parameters compared to those reported in their
inception. The model of Jang and Choi [101] was found to
hold similar errors for both nanofluid types (5 and 10% for
conventional and anomalous respectively), although it has
two fitted parameters (# and C;), which are simply linear
proportionality constants opposed to the non-linear equa-
tions (with coefficients to be statistically fitted) employed by
other models. Recalling that f is defined as the ratio of the
effective nanoparticle thermal conductivity (accounting for
interfacial resistance) to that of the nanoparticle alone [101],
the larger value obtained for the anomalous nanofluid (8 ~
3)—following the theoretical basis of the parameter—indi-
cates the non-physical case of interfacial resistance causing
a threefold enhancement in effective nanoparticle thermal
conductivity. Additional consideration to this observation
is given in Sect. 5.3.

Overall, it has been shown that, even when fixing the
nanoparticle and basefluid material and system conditions
(temperature, pressure), accounting for d and T and using
statistical fitting leads to roughly 5% error in the thermal
conductivity enhancement of the considered nanofluids.

This finding is expected to be due to three major factors:

(1) Significant gap in the theoretical understanding of
nanofluid thermal conductivity (physical mechanisms,
dependence on system parameters).

(2) Lack of consideration of other system parameters that
have significant effects on the effective thermal con-
ductivity, e.g. nanofluid suspension stability, which
ultimately determines the true size of the nanoparti-
cle clusters (d,,). These parameters are not frequently
reported, since they are hard to measure and require
applying DLS and TEM techniques to characterise the
nanoparticles present in the suspension. Even when
such measurements are available, these may be highly
variable, since the extent of nanoparticle agglomeration
can change during nanofluid preparation, experimenta-
tion, sampling and measurement.

(3) Errors of the used measurement techniques (considered
in Sect. "Anomalous Enhancement or Measurement
Error?”).

Discussion

In this section, the anomalous nanofluids that have been
identified in the previous section are investigated further to
quantify their characteristics. For example, to formulate a
nanofluid that exhibits anomalous thermal behaviour, is it
better to use low or high nanoparticle concentration? Should
one adjust the nanofluid pH or employ surfactants to stabi-
lise the suspension? With these questions answered, we can
better understand what system conditions are conducive to
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Standard error of regression/S

Thermal conductivity model (applied to Conventional nanofluids)

Fig.8 Accuracy of the tested thermal conductivity models for conventional nanofluids, descending order by accuracy (lower value of S is better)

augmenting nanofluid heat transport. Further, these charac-
teristics will inform on the underlying causes of the observed
enhancements, aiding in elucidating the fundamental mecha-
nisms and enabling theoretical development.

With the unique characteristics of these anomalous nano-
fluids understood, we then return to the issue of measure-
ment error. Special attention is given to the THW method as
it is the most used, where we consider the issues of parasitic
current and the applicability of the technique to nanofluids.
It is concluded that there is insufficient evidence to rule out
anomalous thermal conductivity enhancement, warranting
the exploration of the proposed mechanisms. These mecha-
nisms are studied in the context of the above findings, ena-
bling novel conclusions to be drawn on the most probable
mechanism (nanoconvection).

Characterising anomalous nanofluids

Elaborating on the findings of Sect. "Theoretical/Semi-
Empirical Modelling”, the lower HS bound corresponds to
uniformly dispersed spherical particles with no agglomer-
ates or structures, whereas the upper bound represents a
nanofluid with nanoparticles forming the continuous phase

and dominant conduction paths. For lower volumetric con-
centrations, this can only be achieved through the forma-
tion of highly efficient fractal (chain-like) structures [119].
The existence of these chain-like structures and their influ-
ence on thermal conductivity has been reported experimen-
tally. Nimdeo and Srivastava [21] observed the formation
of chain-like structures at low concentrations, whilst, con-
versely at higher concentrations, the chain-like structures
disappeared and were replaced with larger agglomerates.
Further, experiments with magnetic Fe;O, nanofluids have
demonstrated the impact of orienting the nanoparticle chain
structures parallel and perpendicular to the applied heat flux,
approximating to parallel (HS upper bound) and series (HS
lower bound) thermal conductivities [119, 120].

The anomalous thermal conductivity enhancement above
the upper HS bound observed in Fig. 4 is surprising. Accord-
ing to Eapen et al. [119], this bound is seldom exceeded and,
in such a case, further information is required on the “statis-
tical variation of the dispersed medium”. The formation of
chain-like structures for dilute nanofluids is insufficient to
explain the anomalous enhancement alone, since it can only
enhance thermal conductivity up to the theoretical maximum
of the effective medium theory (upper HS bound) [119].
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Standard error of regression/S

0.04

0.02

Thermal conductivity model (applied to Anomalous nanofluids)

Fig.9 Accuracy of the tested thermal conductivity models for anomalous nanofluids, descending order by accuracy (lower value of S is better)

Hence, unless measurement errors are responsible for these
observations (explored in Sect. 5.2), evidence is provided
for the existence of anomalous mechanisms.

Segregation of the data in Sect. 4.5 proved useful in
improving the accuracy of the tested models. However, as
mentioned previously, determining whether one has for-
mulated an anomalous nanofluid remains an issue. This is
because one can formulate a nanofluid with a concentration
less than 0.2 vol%, and yet not observe anomalous enhance-
ment, as can be seen in Fig. 7. Thus, indicative characteris-
tics of nanofluids that increase the probability of observing
anomalous enhancement are investigated. This is achieved
by characterising the suspension stability, measurement
technique, nanoparticle concentrations and nominal diam-
eters of nanofluids in the region of anomalous enhancement
(¢ < 0.2 vol%). The resulting analyses are presented in
Figs. 10a, b and 11 respectively.

Figure 10 visualises the characteristics of the anomalous
and non-anomalous nanofluids. The nanofluids are catego-
rised by their stability characteristics in Fig. 10a, which
also considers the type of stability realised—either through
pH adjustment or the employment of a surfactant (electro-
static versus steric). Figure 10b categorises the nanofluids
based on measurement technique, to ascertain whether
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measurements of anomalous thermal enhancement could be
linked to certain measurement methods and vice versa for
non-anomalous measurements. From Fig. 10a, a similar pro-
portion of both anomalous and conventional nanofluids were
characterised as stable (=~ 68%). The criterion for suspension
stability was either (a) A stable zeta potential measurement
(>30mV [121], achievable for example by extensive ultra-
sonication [20]) or, (b) Measured nanofluid pH far from the
IEP of alumina (9.1 for y — Al,O5 [86], 7.7-7.9 for a— Al,O4
[13, 122], achievable with or without pH controllers) or, (c)
The employment of a surfactant. It is important to note that
the remaining 30% of (non-)anomalous nanofluids were not
necessarily unstable, only that information regarding their
stability was not provided in the publications they originated
from (in other words, they may have indeed been stable).
Interestingly, none of the conventional nanofluids had sta-
ble pH values, whilst a significant proportion (40%) of the
anomalous nanofluids did. Furthermore, a greater proportion
of the anomalous nanofluids had surfactants opposed to the
conventional nanofluids (41% vs. 22%).

Surfactants thermally degrade at high temperatures
depending on the concentration of the surfactant and the
type of surfactant used. The maximum temperature under
which surfactants were employed in the data set was 40 °C,
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in the study of Srinivas and Venu Vinod [39], who used
cetyltrimethylammonium bromide. For this surfactant, deg-
radation is observed at temperatures in excess of 100 °C
[123], and hence the integrity of the surfactants should not
be an issue in this case. Suresh et al. [32] used sodium lauryl
sulphate at 30 °C. This surfactant degrades at temperatures
in excess of 200 °C [124], and hence would have remained
intact in the aforementioned study. All other studies that
employed surfactants used milder temperatures, and hence
thermal degradation can be disregarded. The same can be
assumed for other cases. Thus, in this concentration range
(¢ <£0.2 vol%), stable zeta potentials alone are insufficient
to yield anomalous enhancement, rather the configuration of
stable pH and surfactants (especially the former) increases
the probability of formulating an anomalous nanofluid.

Indeed, the effect of nanofluid stability is imperative, as,
for example, one-step methods have been shown to yield
much more stable nanofluids with significantly greater per-
formance than those synthesised using two-step methods
[8]. Increasing nanofluid stability through increased ultra-
sonication has also been reported to increase the enhance-
ment [20]. Increased stability does not guarantee increased
enhancement however, as reported by Yang et al. [27], who
employed surfactants and pH controllers in an Al,O;—water
nanofluid yet observed no change in thermal conductivity.
This could be attributed to their use of relatively dense nano-
fluids (¢p > 0.5 vol%), as, in contrast, Wang and Li [28] used
a dilute Al,O5—water nanofluid (¢ < 0.2 vol%) and observed
increased enhancement with increased stability. The above
indicates the differing effects of nanofluid stability in the
anomalous/conventional enhancement modes.

The effect of measurement techniques is considered in
Fig. 10b, with the anomalous nanofluids predominantly char-
acterised using the THW and TPS methods. Relatively few
data points (< 10%) arose from THWe and MZI techniques,
although from Fig. 5, TPS yielded significantly greater
enhancement compared to the THW(e) method. Interest-
ingly, the use of an electrically conductive sensor was more
likely to yield conventional enhancement, as opposed to the
anomalous enhancement using such a device reported by
Buongiorno et al. [14]. The issue of measurement error is
analysed further in the next section.

Considering finally the different concentrations and nomi-
nal diameters employed in the considered nanofluids through
the violin plots in Figs. 11a and b respectively, the anoma-
lous nanofluids had on average lower concentrations and
larger nominal diameters (diameters up to ~ 140 nm were
used in the anomalous nanofluids). Thus, there is indication
that more dilute nanofluids facilitate the anomalous enhance-
ment mode, whilst there is a limit to the benefit of using
smaller nanoparticles. In support of the latter point, Chen
et al. [31] observed a reduction in enhancement on addition
of a surfactant. This could be attributed to the increase in

interfacial resistance [26, 125] and ballistic scattering [64],
which are more significant for smaller particles (d=15 nm
in the study of Chen et al. [31], whilst Wang and Li [28]
used d =33 nm and observed increased enhancement with
increased stability). This is also supported by further inves-
tigation of the full dataset, where for anomalous enhance-
ment with d <15 nm, no surfactants or pH controllers were
used. Furthermore, reducing the nanoparticle size further
reduced enhancement to within theoretical bounds (e.g. in
the study Hemmat Esfe et al. [23], d=5 nm). Indeed, Evans
et al. [126] reported interfacial resistance to be significant
for characteristic lengths less than 20 nm.

Thus, for the system conditions considered in the present
work (ambient pressure), the findings suggest that it may be
possible to formulate an Al,O;—water nanofluid that exhibits
thermal performance akin to the anomalous enhancement
mode through the use of low nanoparticle concentration
(¢ < 0.2vol%), not too small nominal diameter (d> 15 nm)
and the employment of a pH controller (if not a surfactant,
although this is less favourable for practical heat transfer
applications, as some surfactants degrade at higher tempera-
tures). If one uses a nanofluid with d < 15 nm, pH control-
lers/surfactants should not be used. In all cases, sufficient
ultrasonication (at least 4 h, if using an ultrasonic bath [20])
should be performed.

The preceding characterisation of anomalous
Al,Oz;—water nanofluids offers some further insight into the
literature. For example, Keblinski et al. [91] dismissed the
possibility of nanofluids exhibiting anomalous enhancement
in thermal conductivity, justified by their presentation of a
plethora of data demonstrating nanofluids to fall within the
limits of effective medium theory (HS bounds). However,
at least for Al,O;—water nanofluids, they had only one data-
point in the anomalous range of enhancement (¢ = 0.02
vol%, from [53]). Hence, if they extended the number of
samples in this region of low volumetric concentration, as
has been done in Fig. 4 for ¢p < 0.2 vol%, their conclusions
may have differed. Indeed, they observed such anomalous
enhancement for the Fe;0,-water nanofluid of Zhu et al.
[127]; however, this result was uncorroborated, justifying
their conclusions. Another imperative work is the benchmark
study of Buongiorno et al. [14], in which 30 institutions
performed round robin thermal conductivity measurements
on samples of identical nanofluids, concluding there to be
no anomalous enhancement. Again, the presently deduced
characteristics of anomalous Al,O;—water nanofluids can aid
in understanding their result. Their Al,O;—water (set 1, sam-
ple 1) nanofluid was constituted of alumina nanorods with a
nominal characteristic dimension of 10 nm at a concentra-
tion of 1 vol% with no surfactants or pH controller (ultra-
sonic dispersion only). Although their nanoparticles were
not spherical, their use of nanoparticles with a concentration
greater than 0.2vol% and small characteristic size results in

@ Springer



9378

M. Igbal et al.

Fig. 10 Bar plots (reduced
dataset) of percentage of obser-

vations based on a stability
characteristics and b measure-
ment technique for anomalous/
conventional thermal conduc-
tivity enhancement modes in
Al,Os;—water nanofluids at
atmospheric pressure

Percentage of observations/%

Characterised as stable

(b)

Anomalous mode
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Non-anomalous mode
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nr:10
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pH controller used Surfactant used
Stability Characteristic

Percentage of observations/%

THW

a nanofluid outside the characteristic anomalous zone (¢ <
0.2 vol%, Fig. 7) and susceptible to significant interfacial
resistance effects respectively (d <20 nm [126]).

The preceding insights lead to two recommendations.
Firstly, the characteristics of anomalous Al,O;—water nano-
fluids, identified in the present work, should be further inves-
tigated and verified, ideally by a targeted benchmark study
akin to the one of Buongiorno et al. [14] (to corroborate
results as has been done in the present literature analysis).
Secondly, these anomalous characteristics should be deduced
for other nanofluids, such as the Fe;0,-water nanofluid of
Zhu et al. [127], and then also tested in benchmark studies.
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THWe TPS MZI
Measurement technique

This may require additional experimentation, as there is less
available data for nanofluids other than Al,O;-water.

Anomalous enhancement or measurement error?

As mentioned at the end of Sect. 4.5, the supposed anoma-
lous enhancement that has been observed—opposed to
representing true physical phenomena—may simply be an
artefact of measurement error. This view was supported
by Antoniadis et al. [128], who concluded that most of the
nanofluid thermal conductivity data, measured using the
THW method, were inaccurate, since conditions for accu-
rate THW measurements are rarely satisfied. It is noted
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Fig. 11 Violin plots (reduced (a) (b)
dataset) of a volumetric concen-
tration and b nominal diameter
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that the conditions for accurate THW measurements are
(a) an electrically insulated sensor (for polar liquids such
as water), (b) a thin wire (<30 um in diameter) to enable
the line source approximation, (c) two wires to compensate
for end effects, and (d) minimise convection by using low
temperature rise (<4 K) and short duration of measurement
(<1 s). Considering the most popular THW device (KD2
Pro coupled with the KS-1 sensor for liquids), the probe is
coated in Teflon and is thus electrically insulated. However,
it consists of only one wire and hence end effects could be
significant. However, Lee et al. [47] argued that end effects
can be neglected for a single wire with a length/diameter
ratio larger than 4000. Computing this value for the KS2
probe yields 6 cm/).13 cm =46, and, thus, end effects cannot
be neglected for this device. The line source approximation
would also appear to be invalid, as the sensor probe is too
thick, introducing axial conduction and measurement error,
with increasing error for smaller aspect ratios and longer
experiment times. However, according to Hammerschmidt
and Sabuga [129], the conditions required to mitigate this
error to a few percent are easily met when using liquids and
solids. It must be stressed that this device (the KD2 Pro)
is designed for geological measurements, and the applica-
tion of this device to colloidal systems may have unknown
uncertainties.

Tertsinidou et al. [113] conveyed a similar sentiment
regarding the accuracy of nanofluid thermal conductivity
measurements using the THW method, identifying several
publications in which the conditions for accurate measure-
ments were violated. Interestingly they expressed confidence
in the accuracy of TPS devices (a technique used to char-
acterise almost half of the anomalous nanofluids identified

in Fig. 7), and, when removing measurements they deemed
to be unreliable, found the resulting Al,O;—water nanofluid
thermal conductivity data to lie reasonably close to the
Hamilton Crosser predictions (although they still observed
several data points exceeding the predictions of this model).
A similar finding was reported by Antoniadis et al. [128].
Hassleman [130] responded to the work of Tertsinidou
et al. [113], investigating the validity of the THW model,
positing nanoparticle collisions at the probe surface to
cause a strong positive temperature dependence of the
(finite) interfacial heat transfer coefficient. This hypothesis
accounted for the effect of particle size, with smaller particle
diameters increasing this effect and hence the augmenta-
tion of the heat transfer coefficient. Most of the preceding
arguments and recommendations were largely dismissed
by Assael and Wakeham [131]. For example, the tempera-
ture increase (<4 K) is too small for the thermophysical
properties of interest to vary significantly. The importance
of nanoparticle collisions with the measurement probe
was refuted based on an order of magnitude analysis from
which it was determined that the nanoparticles would have
to convey insensible amounts of heat in order to yield the
observed heat transfer enhancement. This result informs on
the unusual transitional behaviour from the anomalous to
conventional enhancement modes observed in Fig. 4, where,
for ¢ > 0.2vol%, a sudden drop is observed in the enhance-
ment. One could argue that at those low concentrations (in
the anomalous mode), the size of agglomerates would be
reduced and nanofluid stability enhanced, possibly contrib-
uting to a net increase of the nanoparticle collisions with the
probe surface (although there would be significantly fewer
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nanoparticles) ultimately artificially augmenting the meas-
ured thermal conductivity.

From the preceding discussion, it is apparent that contro-
versy remains regarding the accuracy of thermal conductiv-
ity measurements of nanofluids. Although most authors ver-
ify their thermal conductivity measurements by comparison
of a pure basefluid measurement with a reference value (e.g.
~0.6Wm— " K —! for water under ambient conditions), it is
the extension of the considered method to measuring nano-
fluid thermal conductivity, which is troublesome. As men-
tioned, the most popular commercial device (KD2 Pro), is
made for geological measurements, and, although the KS-1
probe is designed for liquid thermal conductivity measure-
ments, it has not been verified for use with nanofluids let
alone any other colloidal suspensions [131].

To investigate further the effect of insulation on the THW
method, measured values of thermal conductivity ratios at
identical volumetric concentrations were compared, based
on whether an insulated sensor was employed in the THW
technique, and the results are shown in Fig. 12. The effect
of temperature was eliminated by considering only those
data points which fell within ambient values. The vertical
lines on the bars represent the distribution of the variable,
in which case the bar height represents the average. This
distribution in thermal conductivity ratio for the same volu-
metric concentration in Fig. 12a was caused in part by the
differing nominal diameters used, as can be seen in Fig. 12b.
In agreement with Fig. 5, THW measurements yield greater
enhancement on average (in fact, consistently, at least for
these data points) than those without electrically insulated
sensors (THWe). It is important to emphasise that in Fig. 12
the effect of differing concentrations and temperature has
been fully removed, indicating that either the measurement
technique, different nominal diameters or stability char-
acteristics are the cause for the variation in the measured
thermal conductivities. Assuming the effect of the meas-
urement technique was negligible, one would expect the
greater enhancement observed by the THW method to cor-
respond to smaller nominal particle diameters, but as can be
seen in Fig. 12b, this is not the case (the THW cases used
either larger or similarly sized nanoparticles). The case of
¢ = 0.5 vol% is an exception, as the nominal diameter of
the THWe data was less than 20 nm, and hence may suf-
fer from significant interfacial resistance, thus explaining
the lower recorded enhancement. Although conversely, one
could argue the reduction in nanoparticle diameter and thus
increase in surface area should cause some enhancement in
heat transfer [132]. For example, Xie et al. [51] observed
thermal conductivity enhancement to increase monotoni-
cally with specific surface area (for a fixed nanofluid concen-
tration), and to then decrease after a critical value (possibly
due to the increased contribution of interfacial resistance).
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Overall, the suggestion that the use of an electrically
conductive sensor could artificially enhance the measured
thermal conductivity—leading to false reports of anomalous
enhancement—is discredited by the present results. On the
contrary, the evidence suggests that the use of an electrically
insulated sensor yields greater measured enhancements than
methods with an uninsulated sensor. However, the possibil-
ity remains for this discrepancy to be attributed to other fac-
tors such as particle size distribution, stability, particle shape
and experimental procedure (i.e. time between preparation
of formulation and measurement). Further, the sample sizes
for these comparisons are quite small (15 publications), and
hence statistically strong conclusions cannot be drawn.

A further indication of measurement technique reliabil-
ity is offered by the benchmark study of Buongiorno et al.
[14], where, although deviations up to+ 5% were reported
for absolute measured values of nanofluid/basefluid thermal
conductivity for Al,O;—water nanofluids, these discrepan-
cies were systematic and, thus, eliminated when the effec-
tive nanofluid thermal conductivity (i.e. enhancement) was
computed.

Finally, by simple reasoning, if conventional enhance-
ment was reported for nanofluids denser than 0.2vol%, i.e.
‘reliable’ measurements were obtained for these concentra-
tions, what possible physical mechanism could cause the
same measurement techniques to be insensible for more
dilute nanofluids, in which there are significantly fewer
nanoparticles present in the system? On the contrary, it
is more likely that the change in system condition (lower
concentration and particle number density), results in some
novel system configuration operating on some—as of cur-
rently—unknown mechanism(s) of heat transfer enhance-
ment. The issue of measurement error is further mitigated
by the employment of a mixture of measurement techniques,
including the TPS method, which has been stated to be accu-
rate [113].

Thus, from the preceding discussion, the possibility of
anomalous enhancement in nanofluid thermal conductivity
arising due to a real physical phenomenon opposed to arti-
ficial measurement errors remains open.

Anomalous mechanism(s)

The possibility of the anomalous thermal conductivity
enhancement observed in Fig. 7 to be attributed wholly to
measurement error has been somewhat refuted in the previ-
ous section, thus providing some evidence to indicate the
possible existence of physical mechanism(s) that lead to the
anomalous behaviour. As explained in the Results section,
several hypothetical mechanisms have been proposed in the
literature over the last few decades, which aim to account for
the anomalous thermal conductivity enhancement observed
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Fig. 12 Bar plots (reduced dataset) of a thermal conductivity ratio
and b nominal diameter versus volumetric concentration for insu-
lated/non-insulated transient hot-wire methods (293 K < T <300 K)

in nanofluids by extending EMT (Maxwell’s equation [15])
to account for the postulated mechanism(s).

The key possible mechanisms considered in the current
section are the formation of chain-like structures by the
dispersed phase, Brownian motion effects (induced nano-
convection) and surface effects (Kapitza resistance, the
formation of a nano-layer and thermophoresis). Some of
these mechanisms can be tested, such as chain-like struc-
tures, which have been observed via SEM [21]. Conversely,
it is difficult to probe the miniature length-scale of the
nano-layer, which is hence chiefly investigated using MDS
approaches.

Chain-like structures

The formation of percolating chain-like structures has
been observed experimentally for Al,O;—water nanofluids
with ¢ < 0.015 vol% (stable pH and zeta potential values)
[21]. From Fig. 7, anomalous enhancement was observed
for nanofluids up to 10 times denser than this concentra-
tion (concentrations up to 0.2 vol%). The formation of
such chain-like structures can only yield enhancement that
does not exceed the limit of the HS upper bound whilst,

in addition, the enhancement due to chain-like structures
should decrease both at smaller nanofluid concentrations as
there are insufficient nanoparticles present in the system to
form them [8]. Compounding these factors, the formation
of chain-like structures alone does not seem to explain the
reported anomalous enhancement.

Moreover, the HS upper bound should be reduced at these
low concentrations to account for the diminished effects of
chain-like structures compared to the dominant dispersed
phase conduction paths that are established at higher con-
centrations, possibly encapsulating additional nanofluids in
the anomalous zone [8]. Such a model was formulated by
Buongiorno et al. [14].

Brownian motion and induced nanoconvection

Another popular proposed mechanism is Brownian motion
of the nanoparticles, which may induce additional convec-
tion of the surrounding fluid (Brownian motion induced
nanoconvection). It is generally accepted that the Brownian
motion of the nanoparticles is insignificant compared to the
thermal diffusivity of the basefluid. However, the induced
nanoconvection remains a point of contention [8, 91, 133].

Azizian et al. [134] theoretically compared the time-
scales of Brownian motion, nanoconvection and thermal
diffusion for a nanofluid comprised of 5 nm nanoparticles,
finding that the timescales of nanoconvection and thermal
diffusion were similar (10_11 s, as compared to 1078 s for
Brownian motion). This suggests that the contribution of
nanoconvection to nanofluid thermal conductivity cannot be
neglected. These findings were also corroborated by Prasher
et al. [103], who performed an order or magnitude analysis.
Pang et. al. [135] reported dynamic mechanisms (including
nanoconvection) to contribute almost 90% of the thermal
conductivity enhancement observed in nanofluids.

Azizian et al. [136] experimentally investigated alumina
and titania nanofluids, using large enough particle sizes (70
and 30 nm respectively) such that ballistic transport did not
occur in the particles and large agglomerates did not form
(they noted larger agglomerates formed with smaller par-
ticle sizes). Hence, this enabled them to isolate the effects
of nanoconvection. They tested various theoretical models
against their data and found the semi-empirical model of
Chon et al. [58] best predicted their results. This model
accounts for nanoconvection and was derived from alumina
nanofluid experimental data. Interestingly, Azizian et al.
[136] found this model to also accurately predict the ther-
mal conductivity of their titania nanofluid. They found the
agreement between their data and the model to vary depend-
ing on the dominance of nanoconvection, which they stated
to become more significant for smaller particle sizes and
higher concentrations. Overall, nanoconvection is seen to
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be a significant mechanism in augmenting heat transfer in
nanofluids.

Surface effects

There are three major surface effects to consider, Kapitza
resistance (due to phonon scattering at interfaces [137]), the
formation of a nano-layer on the surface of the particle (with
an intermediate thermal conductivity between that of the
particle and the basefluid), and thermophoresis (a driver of
mass flux due to a temperature gradient, enacted by interfa-
cial stresses—in the form of temperature inhomogeneities
[138]).

The physical understanding of the Kapitza resistance
is important when considering the results of the theoreti-
cal modelling in Sect. 4.5, as the model of Jang and Choi
[101]—which incorporated the effects of Kapitza resist-
ance—was deemed the most accurate for the considered
anomalous nanofluids. This appears promising; however it
is most likely to be a statistical anomaly, as a non-physical
value of the parameter f (relating to the ratio between effec-
tive nanoparticle conductivity—which should be reduced
due to interfacial resistance—to that of the nanoparticle
alone) was obtained, viz. # ~ 3 when f should be smaller
than 1 by definition.

Moving on to consider studies supporting the formation
of a nano-layer, Liu et al. [139] reported the hydrogen envi-
ronment to be modified on addition of Al,O; to glycerol,
indicating the formation of hydrogen bonds, which would
thus lead to the formation of an electrical double layer in
polar liquids such as water [137]. The experimental works of
Turanov and Tolmachev [140] and Gerardi et al. [141] found
the diffusivity of water to be reduced proportionally with
increasing nanoparticle concentration, indicating the inhibi-
tion of the basefluid molecules at the solid-liquid interface.
The thickness of this type of nano-layer is estimated to be 5
atomic layers according to Gerardi et al. [141]. Regarding
the enhancement of heat transport within the nano-layer,
interfacial thermal conductance was measured experimen-
tally by Ge et al. [142], finding hydrophilic surfaces to have
interfacial thermal conductivities approximately 2—3 times
greater than hydrophobic ones, attributed to the solid-liquid
layering of water.

Conversely, Milanese et al. [143] performed a MDS study
on Cu/CuO nanofluids, concluding surface layering to be
significant for pure metals and not oxides (such as the pres-
ently considered Al,O;). According to Muraleedharan et al.
[144], the thermal conductivity enhancement reported in
MDS studies is an error caused using periodic boundaries
with single nanoparticles. Instead, when multiple particles
are considered, the error and associated enhancement are
resolved. Although a nano-layer of 2-3 atomic thicknesses
was observed, the density changes were not expected to be
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significant, and the associated enhancement deemed insuf-
ficient (nano-layer thermal conductivity ~ 1.6 times greater
than the basefluid thermal conductivity) to yield significant
enhancement. Keblinski et al. [91] argued that enhancement
due to nano-layering would be significant only for exception-
ally small nanoparticles (<0.01 nm).

In addition, from Fig. 9, the nano-layer model of Xue
and Xu [98] was found to be quite inaccurate for the anoma-
lous nanofluids. Different values of nano-layer thermal con-
ductivity were tested in this model (up to the nanoparticle
thermal conductivity), yielding no significant increases in
accuracy. In fact, Liang and Tsai [145], reported the thermal
conductivity of the nano-layer to be ~ 2 times greater than
the basefluid thermal conductivity in a MDS study, hence
the value of k; assumed in Table 3 for the Xue and Xu model
[98] was already sensible.

Touching finally on thermophoresis, although well under-
stood in gases, understanding of this phenomenon in liquids
(and colloidal suspensions) is much more limited in com-
parison [138, 146, 147]. Thermophoresis in colloids is a
manifestation of a larger spectrum of phoretic processes,
driven by interfacial stresses (hence thermophoresis is not
observed in pure liquids, nor in dense colloidal suspensions,
even in the presence of a temperature gradient), with these
interfacial stresses induced by variations in composition,
pH and temperature [138]. Thermophoresis is an interface
dominated phenomenon [146], so that, when interfacial con-
ditions are normalised (i.e. surface charge), thermophoretic
mobility has been reported to become insensitive to particle
size [147], which is an interesting characteristic since a lot
of attention is given to the influence of nanoparticle size
on nanofluid heat transfer. Although difficulties have been
faced in isolating thermophoresis from the other phoretic
processes in colloids, novel experimental techniques have
been developed and employed to probe this interesting phe-
nomenon (in colloidal suspensions constituted of polymers).
These demonstrated the significant effects of parameters
such as pH and the employment of surfactants on thermo-
phoretic mobility [138]—with similar effects expected for
the presently considered metallic nanoparticles. However,
the extent to which these experimental results can be trusted
is difficult to evaluate, at least when pertaining to thermo-
phoresis, as modifying the surface charge of a colloid will
affect the other phoretic processes, such as electrophoresis
(thermophoresis depends only on temperature inhomogenei-
ties). This difficulty in isolating the thermophoretic effect is
further compounded by impurities. Further, uncertainties up
to 50% have been reported in experimental studies investi-
gating thermophoresis in nanofluids [148, 149].

With thermophoresis introduced, it is interesting to return
to the concept of Kapitza resistance somehow enhancing
heat transport. Thermophoresis is driven by inhomogeneities
in temperature at the particle—fluid interface [147]. Although
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most theoretical models of nanofluid thermal conductivity
neglect the effect of temperature inhomogeneities within/at
the surface of a nanoparticle, the rotational and translational
mobility of a nanoparticle has been posited to cause such
non-equilibrium effects, which then drive the thermopho-
retic process (see the MDS study of Sergis and Hardalupas
[150]). From this, although Kapitza resistance is normally
attributed as a detriment to heat transport, there may exist
a condition in which the augmented temperature inhomo-
geneities (mismatch) brought about by Kapitza resistance
could enhance the thermophoretic mobility of nanoparticles
such that overall, an enhancement in thermal conductivity
is observed.

The preceding discussion on surface effects, and their
posited impact on mechanisms such as thermophoresis,
ultimately determining the alteration in the thermal con-
ductivity of nanofluids, is further supported by the present
results. For example, no conventional nanofluids had their
pH controlled (from Fig. 10a) and the use of surfactants was
more likely to yield an anomalous nanofluid than not. Both
methods enhance stability, but in different ways. Surfactants
are constituted of a hydrophilic ‘head’ and hydrophobic
‘tail’, where in the present context, the tail would adsorb to
the nanoparticle surface [151]. This enhances stability by
screening the VAW forces between nanoparticles, preventing
agglomeration, and is classed as steric stabilisation [152].
On the other hand, the employment of pH control is known
as electrostatic stabilisation and involves the formation of a
surface charge through various mechanisms, resulting in the
formation of a “tightly bound” electrical double layer [152],
effectively introducing a repulsive electric force between the
nanoparticles [137]. Surfactants yield greater stability (i.e.
agglomeration resistance), although the thickness of this
surfactant layer is expected to inhibit heat transfer [152],
especially when compared to the dense electrical double
layer. Overall, it appears that there is an unknown mecha-
nism related to the pH control, which leads to favourable
conditions for enhancement through the interplay of the
above-mentioned surface effects.

Conclusions

The present study critically assessed literature reports
of anomalous thermal conductivity enhancement in alu-
mina-water nanofluids. To do this, data pertaining to the
experimentally measured thermal conductivity enhance-
ment of (spherical) Al,O;—water nanofluids under ambient
pressure was collated from 72 independent, high-quality
publications. Key parameters such as volumetric nanoparti-
cle concentration, nominal (manufacturer stated) nanopar-
ticle diameter and suspension stability criteria were also
recorded. After randomly sampling data points to remove

bias, an extensive statistical analysis and assessment was
conducted, yielding the following key conclusions:

(1) Anomalous enhancement in nanofluid thermal conduc-
tivity was observed in 17% of the collected samples,
yielding the following characteristics and recommenda-
tions.

(a) Observed for ¢ < 0.2 vol% (conventional enhance-
ment in this region was also reported, although at
a relatively rare frequency).

(b) These ‘anomalous’ nanofluids were predominantly
stabilised via pH control (in the same volumetric
concentration regime, no conventional nanofluids
were pH controlled).

(c) When using small nanoparticles (d < 15 nm), pH
controllers and surfactants should not be used to
achieve anomalous enhancement (doing so may
reduce the effective agglomerate size, yielding
significant interfacial resistance which is the case
for d<15-20 nm).

(d) In all cases, sufficient ultrasonication should be
used. In ultrasonic bath applications, this is typi-
cally at least 4 h. Where an ultrasonic probe is
used, the applied power should be minimised and
the nanofluid ultrasonicated to the point prior to
reaggregation.

(e) On the employment of a selection of theoretical
and semi-empirical thermal conductivity mod-
els provided in the literature, some models were
only superficially accurate, due to their extensive
basis on non-linear equations with statistically
fitted coefficients. Omitting these, the (Brownian
motion induced) nanoconvection model of Jang
and Choi [101] was the most accurate and physi-
cally sensible, yielding similar accuracy for both
anomalous and conventional nanofluids (stand-
ard error 5-10%). It had two linear proportional-
ity constants, only one of which had a theoreti-
cal basis, f (defined as the ratio of the effective
nanoparticle conductivity, including the effect of
interfacial resistance, to the thermal conductivity
of the nanoparticle alone). For the conventional
nanofluids, a reasonable value was obtained (f ~
0.01), whereas for the anomalous nanofluids, the
process of statistical fitting yielded a non-physical
value (f ~ 3). From further analysis, this non-
physical value was determined to represent a sta-
tistical anomaly opposed to an indicator of some
physical mechanism, although it was concluded
that possible enhancement from surface effects
should not be neglected.
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(f) The remaining variation in the data was attrib-
uted to a combination of a gap in the theoretical
understanding, additional unaccounted factors of
importance (e.g. suspension stability, particle size
distribution, time between suspension formulation
and measurement) and, potentially errors caused
by the employed underlying measurement tech-
niques.

(2) Although several opposing views have been expressed
regarding the reliability of the underlying thermal
conductivity measurement techniques when applied to
nanofluids, there is no conclusive evidence yet to prove
that the observed enhancement is caused by measure-
ment error.

(a) From the literature it is seen that sensible and
reliable thermal conductivity measurements are
achieved for alumina—water nanofluids denser than
0.2 vol%. The fact that there is an abrupt change
in the thermal behaviour of alumina nanofluids
at this concentration is incredibly strange. Given
that this behaviour is concentration dependent,
regardless of measurement technique, suggests
that the particle size distribution of the nanofluid
and stabilisation method are responsible for this
step change.

(b) It may be that at concentrations lower than the
critical concentration for alumina—water nano-
fluids (0.2 vol%), the reduced particle number
density allows for a lower effective particle size
of the dispersed media. These smaller agglomer-
ates and populations of individual nanoparticles
will exhibit greater Brownian motion velocities,
enhancing heat transport. In addition to this, the
nanoconvection induced in the wake of the aug-
mented motion of the dispersed phase will also be
enhanced, further increasing thermal heat trans-
port. It should be noted that of the considered
theoretical models in the present paper, the nano-
convection models proved to be most accurate—
providing some evidence to support the contribu-
tion of this mechanism. A cut-off concentration
for the formation of chain-like structures has been
reported in the literature [21]. These chains form
highly efficient fractal structures that also contrib-
ute to thermal transport enhancement.

(c) The issue of measurement error in the observa-
tions of anomalous enhancement is further miti-
gated by the employment of a mixture of meas-
urement techniques, including the TPS method,
which has been stated to be accurate [113].
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(d) The widely believed hypothesis that parasitic elec-
trical currents augment the enhancement reported
by electrically conductive THW probes (for exam-
ple, reported by Buongiorno et al. [14]) is contra-
dicted by the present study, with evidence to sug-
gest the contrary (although the statistical power of
this finding is weak, as the sample size was small,
n=15).

(e) The observed anomalous enhancement data points
exceeded the experimental uncertainty (> 10%
enhancement versus + 5% maximal uncertainty
[113]). This issue is further refuted by the elimi-
nation of systematic measurement error on com-
putation of the effective thermal conductivity
(i.e. enhancement), as reported by the benchmark
study of Buongiorno et al. [14], who performed 30
independent measurements of an identical Al,O;—
water nanofluid.

The novelty of the current work lies in analysing the
conditions under which anomalous thermal conductivity
enhancement has been observed for alumina—water nanoflu-
ids. Common conditions exhibiting anomalous effects have
been discovered. The anomalies are observed in nanofluids
with low nanoparticle concentrations (¢ < 0.2vol%) and in
those making use of electrostatic stabilisation (through pH
control) as opposed to steric stabilisation (using surfactants)
as the suspension control method. Additionally, where small
particle sizes were employed (d < 15 nm), no surfactant or
pH control should be employed to prevent significant inter-
facial resistance. These shared characteristics amongst the
reported anomalous observations indicate that the under-
lying physical mechanisms of heat transfer involved are
affected by nanofluid preparation and should be further
investigated. Quantifying these conditions also enables the
refutation of replication studies claiming to disprove the
existence of anomalous enhancement, as these studies did
not employ the same conditions (e.g., steric/no stabilisation,
particle sizes too small—leading to significant interfacial
resistance, concentrations too large).

With these outcomes in mind, the following recommen-
dations are made for future work:

(1) The contention over measurement error can be resolved
through future work employing THW measurement
apparatus that satisfies the requirements outlined by
Antoniadis et al. [128] to investigate the anomalous
parameter space of interest for alumina—water nanoflu-
ids (¢ < 0.2 vol%, electrostatic stabilisation).

(a) If the anomaly is reliably and repeatably dem-
onstrated then this supports and justifies further
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investigation into the underlying theory of heat
transfer in such fluids.

(b) Expansion of the work to other nanoparticle
materials could yield additional insight into the
thermal conductivity enhancement (something
that could not be done in the current study due to
the small number of publications that would have
yielded a statistically insignificant sample size).

(2) Given the difficulty in achieving replication in previ-
ous benchmark studies [14], it is recommended that
the nanofluid research community endeavours on estab-
lishing a standard protocol of nanofluid manufacturing,
experimentation and measurement.

(a) This protocol would standardise important fac-
tors such as the deposited ultrasonic energy per
unit mass in the nanofluid and the time between
dispersion and the onset of thermal conductivity
measurement.

(b) The stability and thermal performance of nano-
fluids are intrinsically linked to these parameters,
and some may be more important than others—
hence a parametric analysis process is required.

(3) Once these conditions have been satisfied, the presently
characterised anomalous alumina—water nanofluids
should be investigated in a collaborative benchmark
study (akin to that of Buongornio et al. [14]). If suc-
cessfully validated, the contention over the contribution
of measurement error can be dispelled.

(4) Following this stage, further work should proceed on
investigating the fundamental physical mechanisms
giving rise to the anomalies observed.

(a) The research can extend to other materials and
basefluid combinations, which may potentially
yield additional benefits (such as more favourable
breakup mechanisms [12]).

(5) With the augmentative thermal behaviour of nanofluids
understood, research efforts should shift to best realis-
ing the requirements needed for commercial develop-
ment. These requirements are different to those con-
cerning research outcomes in a very well controlled
laboratory environment.
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