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This work contributes with experimental information of the properties of ethylene glycol-based Co3O4

nanofluids. Thermal conductivity, high-pressure density and rheological characterization were per-
formed in the temperature range T = (283.15–323.15) K. Thermal conductivity and rheological behaviour
were studied for nanofluid samples with concentrations of Co3O4 nanoparticles up to 25% in weight frac-
tion whereas the densities of the nanofluid were analysed up to 5% at pressures up to 45 MPa. Thermal
conductivity showed in the range studied an increase with weight fraction and a decrease with temper-
ature. A volumetric contractive behaviour was observed, and an increment in the nanoparticles concen-
tration leads to a clear departure from ideal behaviour. The tests performed to analyse rheological
properties showed that the viscosity of the nanofluids is nearly independent of the shear rate, thus evi-
dencing the characteristic behaviour of a Newtonian fluid. Experimental viscosity and thermal conductiv-
ity were also compared with the estimations provided by several semiempirical equations proposed in
the literature.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The suspension of nanoscale particles in a fluid is a colloidal
system usually denoted as nanofluid, and their study is an active
research field nowadays because the effects of the nanometric
sized particles on the suspension thermophysical and transport
properties show unusual trends. The atypical increases in proper-
ties such as thermal conductivity or viscosity is related with the
system scale, determined by the size, nature, and state of aggrega-
tion of the particles in suspension, among other variables, and do
not depend only on its chemical nature. This behaviour has been
reported in literature for nanofluids derived from metallic nano-
particles, nanoparticles derived from metal oxides, ceramics, or
carbon nanotubes [1–9].

In a recently published work [10], the authors made a extensive
compilation of articles reporting thermal conductivity of different
nanofluids, pointing out that their thermal conductivity depends
on factors like volume fraction, nanoparticle size, morphology,
additives, pH, temperature, nature of base fluid, nanoparticle mate-
rial, etc. This represents a major concern related with sample char-
acterization and experimental data reproducibility, and a literature
revision reveals that there are important discrepancies between
different thermal conductivity data sets reported for this type of
systems. It is generally agreed that the combination of factors as
the diversity of preparation processes, samples stability, particle
size dispersion, non-uniformity of the particle shape, clustering,
sedimentation or pH are related with those discrepancies
[10–13]. Regarding transport properties, including viscosity and
other viscoelastic properties, nanofluids also exhibit unusual
behaviour [1,14–21] and this represents a challenge, not only for
to the difficulties associated to their experimental determination,
but also for the very limited knowledge about the underlying phys-
icochemical phenomena that might justify the observed trends.

One of the possible industrial applications of nanofluids is the
industry of refrigerants and lubricating oils in refrigeration sys-
tems. In a recent review [22] the authors suggest that experimental
results of specific heat, density, and viscosity of nanofluids are
scarce in literature, highlighting the importance of creating reliable
and wide experimental databases.

Several experimental studies about magnetic and electric prop-
erties of dry Co3O4 nanoparticles have been published in the last
years [23–26], but only a few works published recently [27,28]
studied the properties of Co3O4 nanoparticles dispersed in a fluid.
Vickers et al. [27] reported rheological properties of suspensions
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Fig. 2. Size distribution of Co3O4 nanoparticles in ethylene glycol, at a concentra-
tion of 0.005% v/v.
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of Co3O4 nanocubes in oligomeric polyethylene glycol (PEG) at
323.15 K, over a wide range of particle volume fractions and rota-
tional shear flow conditions, finding that at low volume fractions
the suspensions studied behaved as Newtonian liquids whereas
at intermediate to high particle volume fraction the suspensions
showed complex rheological behaviour, including shear thinning
and shear-thickening features. Hosseini et al. [28] studied the
effect of nanoparticle concentration on the rheological properties
of Co3O4 nanoparticle dispersed in paraffin, using oleic acid as
nanoparticle capping agent, pointing out non-Newtonian behav-
iour for all samples.

The objective of this article is to study nanofluids composed by
Co3O4 nanoparticles dispersed in ethylene glycol (EG), in a concen-
tration up to 25% in weight fraction. The research includes the dry
powder characteristics, size distribution and suspension stability;
measurements of thermal conductivity applying the hot-wire tech-
nique; rheological analyses using a Physica MCR 101 Rheometer
(Anton Paar, Austria) and high-pressure densities measurements
using an Anton Paar DMA 512P vibrating tube densimeter. The
effects of both volume fraction and temperature were evaluated
for the different properties studied, and the experimental values
were compared with theoretical models.

2. Experimental

2.1. Sample preparation and characterization

The Co3O4 nanofluid samples used in this work were prepared
from cobalt(II, III) oxide nanopowder provided by Aldrich, with a
declared diameter distribution D < 50 nm. Ethylene glycol, used
as base fluid, was supplied also by Aldrich (99%). The nanofluids
samples were prepared weighting the nanoparticle powder with
a Mettler AE-240 electronic balance, whose uncertainty is, accord-
ing to the manufacturer specifications, 5�10�5 g. The powder was
dispersed into a volume of the base fluid to obtain the desired
weight percentage. The estimated uncertainty on weight fraction
was lower than 0.03%.

The size and morphology of the Co3O2 nanoparticles in EG
(0.005% v/v) were studied using the technique of transmission
electron microscopy (TEM). The equipment used was a JEOL JEM-
101 FEG (100 kV) microscope. The TEM image of the Co3O4 nano-
particles is shown in Fig. 1. The size distribution of Co3O4 nanopar-
ticles was computed by measuring the size of a large number of
nanoparticles on a set of TEM images, and it is shown in Fig. 2, evi-
dencing lognormal distribution, and average diameter of
D = (17 ± 7) nm.
Fig. 1. TEM images of Co3O4 (JEOL JEM-101 FEG (100 kV) microscope) nanoparticles
in ethylene glycol, at a concentration of 0.005% v/v.
A spectrometer Agilent HP 8453 UV–Vis equipped with a
thermostated cell carrier was used to evaluate the stability of the
nanofluid, and a typical recording for the optical absorption spec-
trum of Co3O4/EG nanofluid is shown in Fig. 3. The absorbance time
evolution for the sample was analysed at two wavelength values
close to the maxima, k = 205 nm and k = 410 nm. The results
obtained in each case, indicate that the absorbance decrease is
lower than 1% in 24 h, so the sample is stable for the type of mea-
surements performed in this work, given that the time employed in
sample dispersion was very short. Nanofluid samples were pre-
pared using an Ultrasonic homogenizer probe (Bandelin Sonopuls
2200HD). More details about the different sonication methods
were discussed in a previous work [4].

2.2. Measurements

Once the samples were characterised, thermal conductivity,
rheological behaviour and high-pressure density of Co3O2 nanofl-
uids were measured. Thermal conductivity was measured using a
Decagon Devices KD2 Pro Thermal Properties Analyser (Decagon
Devices Inc., Pullman, WA, USA), whose principle of measurement
is based on the transient hot-wire method, pointed out by several
authors [11,13] as one of the most accurate methods to determine
nanofluids thermal conductivity. Heating the probe immersed in
the sample and simultaneously monitoring its temperature evolu-
tion allows to calculate the fluid thermal conductivity, in agree-
ment with the model proposed by Carslaw and Jaeger [29]. The
estimated uncertainty of thermal conductivity measurement was
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Fig. 3. UV–Vis absorption spectrum of Co3O4/EG nanofluid, 0.01% wt, T = 298.15 K.
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lower than 3%. In previous works [30–32] the advantages of this
technique applied to nanofluids has been discussed.

The rheological behaviour of the Co3O4 nanofluids was analysed
using a Physica MCR 101 rheometer (Anton Paar, Austria). This
equipment, as pointed out in previous papers [20,33], allows to
control torques between 0.1 lN m and 125 mN m, and normal
forces between 0.1 and 30 N. A cone-plate geometry was used,
with a cone diameter and angle of 25 mm and 1�, respectively.
All nanofluid samples were analysed at a constant gap value of
0.048 mm and temperature was controlled using a Peltier system.
Non-linear viscoelastic experiments, usually referred to as flow
curves, where shear viscosity variation with shear rate is mea-
sured, were performed for Co3O4 nanofluids samples.

High-pressure densities were measured with an Anton Paar
DMA 512P vibrating tube densimeter. The experimental procedure,
calibration, temperature and pressure control were detailed in pre-
vious works [34,35]. The uncertainty on high pressure density was
estimated from the uncertainties of the reference substances used
for calibration, water and vacuum in this case, according with the
procedure introduced by Lagourette et al. [36], and was estimated
to be lower than 10�4 g cm�3.
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Fig. 4. (a) Enhancement in the thermal conductivity (jnf/j0) at (s) 283.15 K, (})
303.15 K and (4) 323.15 K of Co3O4/EG nanofluids as a function of nanoparticle
volume fraction. (b) Thermal conductivity (jnf) as a function of temperature for
different volume fractions of Co3O4/EG nanofluids: (�), / = 0; (h), / = 0.0094; (4),
/ = 0.0206; (}), / = 0.0310; (+), / = 0.0431 and (s), / = 0.0567.
3. Results and discussion

3.1. Thermal conductivity

Thermal conductivity of four different Co3O4/EG nanofluids
samples were measured at 283.15 K, 303.15 K and 323.15 K, and
experimental data, jnf, are shown in Table 1 as a function of vol-
ume fraction, /. Volume fractions were estimated using the densi-
ties of the pure base fluid, ethylene glycol (1.0176 g/cm3 at
303.15 K [30]) and the bulk solid oxide density (6.11 g/cm3, value
provided by the vendor). From Fig. 4(a) it can be noted that the
addition of cobalt(II, III) oxide nanopowder increases thermal con-
ductivity of the nanofluids for most samples studied, if compared
with the base fluid. Average enhancement (jnf/j0, where the sub-
scripts nf and 0 refer to the nanofluid and base fluid, respectively)
values reach 27% for the highest concentration.

Over the temperature range of 283.15–323.15 K the thermal
conductivity of the nanofluid, jnf, decreases very slightly with
the increase in temperature as shown in Fig. 4. A similar trend
jnf decrease with the increase in temperature was observed previ-
ously by other authors [37–40].

From a modelling perspective, Maxwell [41] was the first to
propose an equation to estimate the thermal conductivity of col-
loids composed by solid spherical particles suspended in a fluid,
as follows:

jnf ¼
jp þ 2j0 þ 2ðjp � j0Þ/
jp þ 2j0 � ðjp � j0Þ/

j0 ð1Þ

where jnf, jp and j0 represent the thermal conductivity of the col-
loid, suspended solid particles, and base fluid, respectively, and / is
the percent volume concentration of solid particles. This expression
Table 1
Experimental values of thermal conductivity for Co3O4/EG nanofluids.

/ j (W m�1 K�1)

283.15 K 303.15 K 323.15 K

0.0000 0.243 0.246 0.249
0.0094 0.263 0.261 0.259
0.0206 0.274 0.273 0.271
0.0307 0.286 0.284 0.283
0.0431 0.297 0.296 0.294
0.0567 0.309 0.307 0.306
was later modified by Hamilton and Crosser (HC model) [42] taking
into consideration the particle shape, and their model has been used
for the description of the thermal conductivity enhancement of
dilute suspensions of different shape particles in a liquid or a solid:

jnf

j0
¼ jp þ n� 1ð Þj0 þ n� 1ð Þðjp � j0Þ/

jp þ n� 1ð Þj0 � ðjp � j0Þ/
ð2Þ

In this expression, n stands for the empirical shape factor, deter-
mined as n = 3/W, where W is the sphericity, calculated as the ratio
of the surface of an hypothetical sphere which would have the
same volume of the particle, divided by the real particle surface
area. Turian et al. [43] evaluated a number of models using thermal
conductivity data on many dispersions, concluding that the Max-
well model gives accurate estimations of thermal conductivity
enhancements for dispersions when jp/j0 � 1, but its performance
worsens as this ratio increases. For dispersions where jp/j0 > 4,
the authors concluded that a volume averaged geometric mean
of the thermal conductivities of both particle and base fluid yields
the best estimates of the effective thermal conductivity. Logarith-
mic mixing rules have been used successfully to describe several
properties of materials comprising inclusions embedded or dis-
persed in a medium [44]. Such mixing rules treat the properties
of inclusions and matrix separately to obtain the effective property
of the composite:

jnf ¼ j/
pj

1�/
0 ð3Þ

Concerning the reference value for the thermal conductivity of
the nanoparticles at T = 300 K, the value jp = 16.8 W m�1 K�1 has
been used according to reference [45]. Experimental thermal
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Table 2
Coefficients A, B, T0 and standard deviation, s, from Vogel–Fulcher–Tammann
equation for commercial Co3O4/EG nanofluids at different volume concentration, /.

/

0.000 0.009 0.021 0.031 0.043 0.057

A �3.51 �3.27 �3.87 �5.42 �2.93 �4.78
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conductivity values at 303.15 K were then compared with the cited
Maxwell, Hamilton and Crosser, and Turian estimations, and
results are shown in Fig. 5. The obtained estimations evidence
weak temperature dependence. As shown, the Maxwell model
under predicts the experimental property enhancement at this
temperature. The Turian model and HC-model yield good agree-
ment with experimental data, and HC-model gives the best estima-
tions when W = 0.61. This numerical value has been fitted to the
measured experimental data. The absolute average percent devia-
tions of the experimental thermal conductivity with Maxwell, Turi-
an and HC models are 4.3%, 1.4% and 1.4%, respectively.

3.2. Rheological behaviour

Fig. 6 shows the viscosity of pure ethylene glycol (EG) as a func-
tion of shear rate in the range 50–1000 s�1 at 303.15 K. The flow
curves with particle weight concentrations of 5%, 10%, 15%, 20%
and 25% were measured from 283.15 to 323.15 K at 10 K steps,
and part of the results obtained at 303.15 K are plotted in Fig. 6.
As shown, shear viscosity is independent of shear rate for pure
EG and for nanofluids samples, evidencing Newtonian behaviour.
The same behaviour was obtained at particle weight concentra-
tions of 10% and 20%, and at temperatures from 283.15 to 323.15 K.

Shear viscosity for all concentrations and temperatures are
shown in Fig. 7, pointing out that shear viscosity increases with
particle weight concentrations and decreases with temperature,
as expected.

The viscosity temperature dependence of a fluid can be corre-
lated using the three-coefficient Vogel–Fulcher–Tammann (VFT)
expression:

Ln ðgÞ ¼ Aþ B
T � T0

ð4Þ

where A, B and T0 are the fitting coefficients. The ratio B/20 is
denoted as Angell strength coefficient [46]. The fitted values for
these coefficients are listed in Table 2, together with the average
standard deviations. Fig. 7 shows the accuracy of this correlation.

As expected, viscosity increases with particle concentration,
and this enhancement, defined as the ratio gnf/g0, where g0 is the
viscosity of the base fluid, and can be considered temperature
dependent. Average viscosity increase for each sample at
303.15 K is shown in Fig. 8. For the experimental data presented
here, at 5.7% volume fraction concentration viscosity enhancement
of 40% is obtained.

These anomalous nanofluid experimental viscosity trends have
been reported previously, the possible reasons that might explain
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Fig. 5. Plot of thermal conductivity enhancement at 303.15 K of Co3O4/EG
nanofluids as a function of the volume fraction. Experimental points: (d); predicted
values: (—) Maxwell Model; (— —) H–C Model and (� � � �) Turian Model.

B (K) 998.5 998.4 1233.7 1917.4 997.7 1692.1
T0 (K) 141.0 136.6 117.2 71.7 146.2 86.0
s (mPa s) 0.13 0.26 0.12 0.26 0.04 0.15
it remain controversial. Over the years a large number of semiem-
pirical equations have been proposed to correlate this enhance-
ment, (gr = gnf/g0), where gnf and g0 are the nanofluid and base
fluid viscosity, as a function of volume fraction, with the same
approach of the classical linear relationship introduced by Einstein
[47]. These classical approaches underestimate experimental vis-
cosities, but many similar correlations with variable degree vol-
ume fraction polynomials have been since proposed, as for
instance the one by Chow [48]:

gr ¼
gnf

g0
¼ 1þ

XN

i¼1

Ci/
i ð5Þ

where N represents the degree of the polynomial and Ci are the cor-
responding correlation coefficients. Eq. (5) trivially reduces to the
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Einstein [47] equation if N = 1 and C1 = 2.5. Fig. 7 shows the under-
estimation of the viscosity enhancement yielded for Einstein rela-
tion, with departures increasing with concentration. The
correlation with Eq. (5) was then considered, and if the value
N = 1 is fixed, a C1 value of 7.1 is obtained, producing average per-
cent deviations of 0.8% (see also Fig. 8). Setting N = 2 in Eq. (5) does
not bring much improvement to this correlation. Another alterna-
tive is the use of the following semi-empirical equation proposed
to account for the viscosity of dispersions over wide concentration
ranges, and introduced by Krieger and Dougherty [49]:

gr ¼
gnf

g0
¼ 1� /

/m

� ��½g�/m

ð6Þ

where /m is the maximum nanoparticle volume fraction, and [g] is
the intrinsic viscosity, which is agreed to be 2.5 for dispersions of
equal sized hard spheres. In addition, if the suspended particles
are assumed to form stable aggregates, its contribution to the total
flow must be also computed. Keeping in mind these effects of var-
iable packing fraction within the aggregate structure, an estimate
for the viscosity enhancement can be expressed as [50]:

gr ¼ 1� /
0:605

aa

a

� �1:2
� ��1:5125

ð7Þ

where aa and a represent the estimated radius of aggregates and
single particles. This theory points at the aggregation state of the
suspended particles as the leading factor for the nanofluid viscosity
enhancement. Newtonian behaviour has been proved in this case,
and the viscosity enhancement depends on particle concentration
but not of temperature, and as a first approach the radius of the
aggregates has been considered concentration dependent. Then,
the aa/a ratio has been determined for each concentration, yielding
results ranging between 1.9 and 2.3. This correlation is plotted also
in Fig. 8, obtaining deviations in the same order of magnitude than
experimental uncertainties, which evidences the ability of this
model. Then, Eq. (7) was applied considering constant values for
aa/a, resulting in value of 2, and viscosity average percent deviations
of 1.4%.

3.3. Density

The volumetric behaviour of the nanofluid samples studied
were characterised by measurements of the experimental density
for 1–5% in weight fraction, and a pressure range between 0.1
and 45 MPa at the temperatures of 283.15, 303.15 and 323.15 K.
The experimental results obtained are plotted in Fig. 9. The ten-
dency found with pressure and temperature is in concordance with
the standard behaviour of the base fluid, as q increases with pres-
sure and decreases with temperature. The experimental density
results were correlated by Tammann–Tait equation.

Making an analogy to a non-ideal fluid mixture the excess spe-
cific volume can be calculated, using in this case a mass basis:

VE ¼ 1
qnf
�
Xn

i¼1

wi

qi
ð8Þ

where w refers to mass fraction, n is the number of mixture compo-
nents, and nf stands for the nanofluid. Fig. 10 shows the VE values as
a function of volume fraction, /, at 283.15 K and 323.15 K, and at
two pressures, 0.1 MPa and 45 MPa. The values calculated from
Eq. (8) do not correspond to an excess property from a thermody-
namic point of view, as base fluid and nanoparticles are not in the
same state. However, the procedure was employed previously to
give an account of volume non additivity for these systems
[30,51,52]. The volumetric deviation from ideal behaviour is signif-
icant, and deviations from ideality increase with nanoparticle con-
centration and pressure, and decrease when temperature
increases. This trend might be attributed to the interface effects
on the bulk fluid properties produced by the solid nanoparticle sur-
face, or also to the nanoparticles interactions, so neglecting this
type of interactions within a nanofluid is only a first order
approximation.
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4. Conclusions

Thermal conductivities and rheological behaviour of cobalt(II,
III) oxide in ethylene glycol nanofluids have been determined
experimentally as a function of volume concentration and temper-
ature. Also, density as a function of these variables and pressure
were measured. For thermal conductivity enhancements up to
27% at T = 323.15 K and 5.7% volume fraction were found.

The Newtonian nature of Co3O4/EG nanofluids for the concen-
tration studied was demonstrated, and as expected viscosity
increases with concentration and decreases with temperature.
The Vogel–Tammann–Fulcher correlation equation was used to
fit experimental viscosity, showing good agreement when applied
to nanofluids. Concerning nanofluid viscosity representation, the
method of Krieger and Dougherty, links the viscosity enhancement
in a nanofluid only to its aggregation state produces fairly good
results, so in this case the consideration of other possible variables
affecting this transport property is not necessary.

The volumetric behaviour shows a significant contractive trend
on mixing, which is affected by concentration, temperature and
also by pressure, although the influence of this last variable is less
important.
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