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ABSTRACT

The thermal conductivity, rheological behaviour and the high-pressure density of several non-Newtonian
ethylene glycol-based SnO, nanofluids were analysed. The thermal conductivity and density were mea-
sured at 283.15, 303.15 and 323.15 K whereas rheological characterization was performed at 303.15K.
Nanofluids with concentrations of SnO, nanoparticles up to 25% in weight fraction were designed for ther-
mal conductivity and rheological studies while density behaviour were analysed up to 5% at pressures up
to 45 MPa. Thermal conductivity increases as usual with weight fraction showing an enhancement up to
14% in the range studied, and the experimental values were compared with available theoretical models.
The volumetric behaviour shows a contractive behaviour and a departure from ideal behaviour, which
is incremented with the concentration of the nanoparticles. The temperature and pressure dependence
on this contractive behaviour is also studied. The rheological tests performed evidence shear thinning
behaviour. In addition, the viscosity at a given shear rate is time dependent, i.e. the fluid is rheopectic.
Finally, using strain sweep and frequency sweep tests the storage modulus, G, and loss modulus, G,
were determined, showing viscoelastic behaviour for all samples, a fact that must be carefully taken into
account for any application involving nanofluid flow.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The suspension of nanoscale particles in a fluid is a col-
loidal system usually referred to as nanofluid. In recent years it
has been shown that adding nanoparticles to a fluid produces a
very remarkable change on its thermophysical properties, includ-
ing remarkable variations in its transport properties, far from
the estimates obtained by classical theories of suspensions that
work properly for larger particle sizes. This anomalous increase
in properties such as thermal conductivity or viscosity is there-
fore associated to the system scale, determined by the size of
the particles in suspension, and not only by its nature. This phe-
nomenon has been reported for metallic nanoparticles, but also
from those derived from metal oxides, ceramics, or carbon nano-
tubes.

The fact that, for instance, the thermal conductivity of a
nanofluid largely exceeds the values expected for a classical colloid
of the base fluid attracted in a first stage attention on their poten-
tial use for replacement of conventional heat exchange fluids [1-7].
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The realization that this unusual enhancement on heat transport
properties occurs even at low concentrations of nanoparticles has
suggested an improvement in the performance of the cited working
fluids by reducing its load in industrial applications. This was the
leading reason that has made research on nanofluids an emerg-
ing field with many postulated practical applications in industry
[3,8-10]. Moreover, it has been shown that other transport prop-
erties exhibit also unusual behaviour, including viscosity and other
related rheological properties [11-15].

Nevertheless, there are still important discrepancies between
different thermal conductivity data sets reported in literature
for this type of systems, and this is believed to be due to the
combination of several factors as the diversity of preparation pro-
cesses, particle size dispersion, stability, non-uniformity of the
particle shape, clustering, sedimentation or pH [3,7,16]. The pro-
duction route from the nanoparticle synthesis and chemical and
morphological characterization, dispersion techniques and deter-
mination of stability conditions, continuing to the experimental
measurement procedure itself has raised doubts in certain cases
concerning sample reproducibility and data reliability. Unfortu-
nately much effort is still necessary in this direction, and special
care must be taken in the detailed control and description of
all variables involved in nanofluid sample preparation and han-
dling.
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List of symbols

A constant in Eq. (3)

D nanoparticle diameter

(e storage modulus

G’ loss modulus

VE excess specific volume

w mass fraction

Greek symbols

¢ concentration in volume fraction
Y shear rate

n viscosity

K thermal conductivity

A wavelength

0 density

w angular frequency (rads—1)
Abbreviations

Abs absorbance

UV-vis ultraviolet-visible

wt% concentration in mass percent
Subscripts

0 base fluid

nf nanofluid

Some experimental studies on SnO, nanoparticles dispersed in
different fluids have recently been published [17-20]. Data about
rheological properties of tin oxide slurries dispersed with poly-
acrylic acid and polyvinylbutyral have been reported by dos Santos
et al. [18]. More recent works, as the one carried out by Ahmari
et al. [17], report electro rheological properties of non-Newtonian
fluids (silicon oil) with the addition of SnO, nanoparticles finding
that the apparent viscosity of suspensions increases with concen-
tration of SnO, as well as electrical voltage. Habibzadeha et al. [19]
studied the colloidal stability of SnO, nanofluids prepared by dis-
persing nanoparticles in deionized water as base fluid, using UV-vis
spectrophotometric measurements. They found that after 500 h of
sedimentation time the relative concentration of the nanofluid with
the highest stability had reduced to 77% the initial value. Also, the
authors measured the thermal conductivities of the nanofluid with
a transient hot-wire apparatus and studied the effects of pH and
temperature on the thermal conductivity finding a maximum ther-
mal conductivity enhancement of up to 8.7% at 353 K for 0.024 wt%
concentration.

The objective of this article is to study nanofluids composed
by SnO, nanoparticles dispersed in ethylene glycol (EG), in a con-
centration up to 25% in weight fraction. The characteristics of the
powder, stability, and size distribution are analysed and discussed.
Then the transient hot-wire technique is used to determine the
thermal conductivity and the effects of both volume fraction and
temperature were evaluated, and the experimental values were
compared with theoretical models proposed for thermal conduc-
tivity estimation. Moreover, these nanofluids were subjected to
rheological analyses using a Physica MCR 101 Rheometer (Anton
Paar, Austria) and the effect of volume fraction at a constant
temperature was analysed. Finally, the volumetric behaviour of
the nanofluids has been determined experimentally by measur-
ing the density variation in a wide pressure and temperature
range.

i
&
.

200 i)
| ————

Fig. 1. TEM images of SnO, (JEOL JEM-101 FEG (100 kV) microscope) nanoparticles
in ethylene glycol, at a concentration of 0.005% (v/v).

2. Experimental
2.1. Sample preparation and characterization

The SnO, nanofluid samples used in this work were prepared
from tin(IV) oxide nanopowder supplied by Aldrich, with a declared
diameter distribution D < 100 nm. Ethylene glycol provided also by
Aldrich (99%) was used as base fluid. The nanoparticle powder was
weighed using a Mettler AE-240 electronic balance, whose accuracy
is 5 x 107> g. The powder was dispersed into a predetermined vol-
ume of the base fluid to obtain the desired weight percentage (up to
25 wt¥% for thermal conductivity and viscosity measurements and
up to 5 wt% for density measurements). The estimated uncertainty
for weight fractions was determined to be lower than 0.03%.

The morphology and size distribution of the SnO, nanoparticles
in EG (0.005%, v/v) were studied by using the transmission electron
microscopy (TEM) technique. The equipment used in this case was a
JEOLJEM-101 FEG (100 kV) microscope. Fig. 1 shows the TEM image
of the SnO, nanoparticles. It can be noted that the product is com-
posed of quasi-spherical and rather polydisperse nanoparticles. The
size distribution was estimated using IMAGETOOL freeware soft-
ware, which was used to determine the diameters of a large number
of particles in several images. In Fig. 2 the lognormal size distri-
bution obtained is shown. The average diameter value computed
using this method was D =17 + 9 nm showing that the average size
value provided by Aldrich was in this case very conservative.
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Fig. 2. Size distribution of SnO, nanoparticles in ethylene glycol (0.005%, v/v).
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Fig. 3. UV-vis absorption spectrum of SnO;/EG nanofluid, 0.01 wt%, T=298.15K.

The stability of the nanofluid was evaluated using a spectrom-
eter Agilent HP 8453 UV-Vis equipped with a thermostated cell
carrier. Fig. 3 shows a typical recording for the optical absorption
spectrum of Sn0,/EG nanofluid. A wavelength value close to max-
imum was then fixed, and the absorbance time evolution for the
sample at A=208 nm was analysed. The absorbance decrease in
24h was found to be lower than 1%, indicating that the sample
is stable and adequate for the type of measurements performed in
this work, where the time from sample dispersion to the experi-
mental measurements was very short. The samples were prepared
by applying an Ultrasonic homogenizer probe (Bandelin Sonoplus
2200 HD), during 16 min. A discussion of the performance of dif-
ferent sonication methods has been presented in a previous work
[21].

2.2. Measurements

After the adequate characterization of the sample, thermal con-
ductivity, rheological behaviour and density of SnO, nanofluid
samples were measured. Thermal conductivity was determined by
a transient hot-wire method, which is one of the most accurate
techniques to determine the thermal conductivity of fluids, includ-
ing nanofluids, as pointed out by several authors [3,16]. Thermal
conductivity data were measured using the Decagon Devices KD2
Pro Thermal Properties Analyser (Decagon Devices Inc., Pullman,
WA, USA), whose principle of measurement is based on the tran-
sient hot-wire source approach. Heating the probe immersed in
the sample while simultaneously monitoring its temperature evo-
lution allows to calculate the fluid thermal conductivity, according
to the model by Carslaw and Jaeger [22]. The uncertainty of the ther-
mal conductivity measurement was estimated to be lower than 3%.
More details about the measurement technique and its advantages
were discussed in a previous work [4,5,23].

The rheological behaviour of the nanofluids was analysed using
a Physica MCR 101 rheometer (Anton Paar, Austria). The equip-
ment allows controlling torques between 0.1 wWN'm and 125 mN m,
and normal force from 0.1 to 30 N. The cone-plate geometry with
a cone diameter of 25 mm and a cone angle of 1° was used. All
experiments are conducted at a constant gap value of 0.048 mm
and an initial temperature stabilization period at 303.15K using a
Peltier system is always respected. Two types of experiments were
carried out to investigate the nanofluid rheological behaviour. The
first one is a non-linear viscoelastic experiment, usually referred
to as flow curve, in which shear viscosity variation with shear rate
is measured. The second type of experiment is a linear viscoelas-
tic experiment (oscillatory), with the objective to determine the
frequency-dependent energy of the storage modulus G’ and loss
modulus G”. The flow curves give information of relatively large
deformations, whereas the storage and loss modulus reveal the

Table 1

Experimental values of the thermal conductivity for SnO,/EG nanofluids.
¢ KWm-1K-!

283.15K 303.15K 323.15K

0.00000 0.239 0.243 0.247
0.00829 0.242 0.245 0.248
0.02754 0.259 0.262 0.265
0.04977 0.274 0.277 0.279

mechanical properties of the material under small amplitude oscil-
latory shear.

Densities were measured at different pressures and tempera-
tures using an Anton Paar DMA 512P vibrating tube densimeter.
The experimental procedure, calibration, temperature and pressure
control were detailed in previous works [24,25]. The high pressure
density uncertainty was estimated from the uncertainties of the ref-
erence substances used for calibration, water and vacuum in this
case, following the procedure introduced by Lagourette et al. [26]
and the influence of both temperature and pressure, and it was esti-
mated to be lower than 10~4 g cm—3. This vibrating tube densimeter
calibration procedure has been widely used in literature (see e.g.
Segovia et al. [27]).

3. Results and discussion
3.1. Thermal conductivity

Thermal conductivity of three different SnO,/EG nanofluids
samples were measured at 283.15K, 303.15K and 323.15 K. Exper-
imental thermal conductivities, k, are presented in Table 1, as a
function of volume fraction. The volume fractions, ¢, were esti-
mated from the densities of the pure base fluid (1.0176gcm™3 at
303.15K [4]) and the bulk solid oxide (6.95 gcm~3, value provided
by the manufacturer). As it can be observed in Fig. 4 the addition
of tin(IV) oxide nanopowder increases the thermal conductivity of
the nanofluid if compared with the base pure fluid. This enhance-
ment (ky/ko, Where the subscripts nf and 0 refer to the nanofluid
and base fluid, respectively), has been found to be almost tempera-
ture independent for a given concentration. Average enhancement
values calculated lie between 1% at the lowest volume fraction and
14% for the highest concentration.

With the objective to estimate the thermal conductivity of
the nanofluids, the classical Maxwell model [28], proposed for

knf/ ko
o

1 0 1 1 1 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06

¢

Fig. 4. Enhancement in the thermal conductivity (kns/«o0) at 283.15K of SnO2/EG
nanofluids as a function of nanoparticle volume fraction. Experimental data (M).
Solid line, prediction of Maxwell model (Eq. (1)); and dotted line, Turian model (Eq.
(2)).
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Fig. 5. Viscosity (1) versus shear rate () dependence of EG/SnO, nanofluids at 303.15K and t > 600 s for different weight concentrations: (x) EG; (@) 5wt%; (W) 15 wt%; (a)
25 wt%. The inset shows viscosity versus time dependence for 25 wt% nanofluids at controlled shear stress.

homogeneous liquid/solid suspensions with relatively large and
spherical particles, was applied:

e = Kp + ko + 2(kp —Ko)qbKO
VT kp + ko — 2(kp — ko)

(1)

where Ky, kp and kg refer to thermal conductivity of the nanofluid,
solid particles and bulk liquid, respectively. ¢ stands for the par-
ticle volume fraction (vol.%). Tabulated values reported by Turkes
et al. [29] were used for the thermal conductivity of the bulk tin
dioxide with ksn0p =40Wm~1K-1 (polycrystalline). Many other
models have been proposed based on the traditional Maxwell
formulation, considering the influence of factors as particle diame-
ter, surface area, shape, Brownian motion, or solid/fluid interfacial
effects [30-34]. We also used our experimental thermal conduc-
tivity data to test the equation proposed by Turian et al. [35] to
estimate the effective thermal conductivity:

Knf = Kff/cg_@ (2)
where
Kp = Kpup(1 — e™*P) (3)

Eq. (3) takes into account the size dependence of nanoparticles
[36,37], where kp, is the bulk thermal conductivity of the solid at
the temperature of interest, D is the average nanoparticle diameter
(innm), and A=0.01nm!.

The experimental values of thermal conductivity, together with
the predictions based on Egs. (1) and (2) for the nanofluids stud-
ied are represented in Fig. 4 at 283.15 K. Similar results have been
obtained for the other temperatures. Maxwell model over predicts
in this case the experimental enhancement of the thermal con-
ductivity (with and average percent deviation of 4.5%), while the
Turian equation also over predicts the thermal conductivities, but
the estimations are closer to our experimental data, with and over-
all average percent deviation of 2.3%.

3.2. Rheological behaviour

Fig. 5 shows the viscosity of pure ethylene glycol (EG) as a func-
tion of shear rate at 303.15K from controlled shear stress tests.
The torques applied started at the minimum value accessible to
the rheometer used, 0.1 uNm, covering a wide range of shear
rate (3-1000s~1). As shown in Fig. 5, the shear viscosity is inde-
pendent of the shear rate for pure EG, evidencing a Newtonian
behaviour. The flow curves of tin(IV) oxide nanofluids with particle
weight concentrations of 5, 15 and 25% were measured and they are
also shown in Fig. 5. The obtained curves indicate non-Newtonian
behaviour (pseudo-plastic type) for all nanofluid samples. At the
two higher concentrations a first Newtonian plateau with shear
thinning appears in the lower shear rate region. It was not possible
to detect this Newtonian plateau for the lower concentrations stud-
ied due to minimum shear rate value accessible to the rheometer
used. The inset in Fig. 5 shows the time evolution of shear viscosity
for some shear stress of the 25 wt% EG/SnO, sample, and its increase
evidences rheopectic behaviour, or a structure gain under shear. For
this reason, all flow curves were measured after the preliminary
application of a constant stress to the sample during 600s. This
time evolution of viscosity had been reported in a previous work
of our group for Fe,03/EG nanofluids [15], but in that case the time
evolution was the opposite, i.e. the nanofluid showed thixotropic
behaviour. Any of these effects must be carefully considered when
performing viscosity measurements of nanofluids, because it may
produce spurious values or trends for the measured data. The effect
of these trends on any practical application involving nanofluid
flow must be outlined, and this dynamic evolution of viscosity may
be considered as an evidence of the inherent complexity of this type
of systems, whose rich behaviour is still far from being understood
in the framework of colloid science theories.

For all concentrations, oscillatory or dynamic experiments were
also carried out, in order to characterize the viscoelastic behaviour.
The power of dynamic testing is that, by using the measured phase
angle, the stress can be separated into two terms, namely elasticand
viscous stress. The elastic or storage modulus, G/, and the viscous
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Fig. 6. Storage modulus (G, black symbols) and loss modulus (G”, white symbols)
at 40rad s~ for Sn0,/EG nanofluids as a function of strain at 303.15K for different
concentrations: triangles: 5 wt%, circles: 15 wt% and squares: 25 wt%.

or loss modulus G” can be calculated from the elastic and viscous
stresses, respectively. First of all, to define the linear viscoelas-
tic, strain sweep tests were performed at a constant frequency of
40rads~!. The results obtained are shown in Fig. 6. It can be noted
that all samples present a linear regime, in which storage modu-
lus, ¢, and loss modulus, G”, are constant, and this linear region is
concentration dependent with G’ higher than G”. When the fluid
structure is destroyed or disaggregation of nanoparticles occurs, G’
and G” decrease with the strain.

Frequency sweep tests, shown in Fig. 7, were also carried out at
a constant strain value, 0.08%, which is inside the linear viscoelas-
tic region. Overall the frequency range studied (600-10rads=1),
the storage modulus is also higher than the loss modulus, G’ >G”,
revealing that the elastic properties are dominant. Both modulus
absolute values increase with nanoparticle concentrations for a
given frequency.

3.3. Density

With the aim to characterize the volumetric behaviour of this
nanofluid, experimental density measurements have been carried
out at concentrations from 1% to 5% in weight fraction, and a pres-
sure range from 0.1 to 45 MPa at the temperatures of 283.15,303.15
and 323.15 K. Experimental results are plotted in Fig. 8. The trend
shown with pressure and temperature is in concordance with the
standard trend shown by the base fluid, as p decreases with increas-
ing temperature and increases with pressure. The Tammann-Tait
equation was employed to correlate the experimental density
results.
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Fig. 7. Storage modulus (G, blacksymbols) and loss modulus (G”, white symbols)
as a function of frequency for SnO,/EG nanofluids at a constant strain of 0.08%,
triangles: 5 wt%, circles: 15wt% and squares: 25 wt%.
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Fig. 8. Density (p) for SnO, /EG nanofluids at different temperatures and pressures.
Black symbols at 283.15K and white symbols at 323.15K. Squares: 0.1 MPa, and
triangles: 45MPa. The solid line represents the correlation with Tammann-Tait
equation.
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Fig. 9. Excess specific volume (VF) for SnO,/EG nanofluids at different tempera-
tures and pressures. Black symbols: 283.15K; white symbols: 323.15K. Squares:
experimental values at 0.1 MPa, and triangles: 45 MPa.

An analogy to fluid mixture non-ideality characterization can
be established through the calculation of excess specific volume,
calculated in this case on a mass basis according to the expression:

n
vio LS W (4)
Pnf P Pi

where w stands for mass fraction, n is the number of mixture com-
ponents, and nf refers to the nanofluid. Fig. 9 shows a plot of these
values at 283.15K and 323.15K, and at two pressures, 0.1 and
45 MPa. Although the values obtained from Eq. (4) do not corre-
spond exactly to an excess property from a thermodynamic point
of view, because nanoparticles and base fluid are not in the same
state, the procedure was used previously to give an account of non-
additivity of volume for these systems [4,38,39]. This noticeable
volumetric deviation from ideal behaviour may be attributed to the
interface effects on the bulk fluid properties produced by the solid
nanoparticle surface, or even to the interactions among nanoparti-
cles, which means that neglecting this type of interactions within
a nanofluid can only be guessed as a first order approximation.
These deviations from ideality increase with the concentration of
nanoparticles and pressure while diminish when the temperature
increases.

4. Conclusions

Thermal conductivities of tin(IV) oxide in ethylene glycol
nanofluids have been determined experimentally as a function of
volume concentration and temperature, and also density as a func-
tion of these variables and pressure. The rheological behaviour
of these nanofluid samples has been studied at atmospheric
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pressure and a single temperature. Enhancements up to 14% were
found for thermal conductivity. The Maxwell model [28] and the
equation proposed by Turian et al. [35] were applied to esti-
mate thermal conductivities, finding that both method overpredict
experimental values, although the explicit consideration of the
average nanoparticle size in the second case improves estimations.
The non-Newtonian nature of EG/SnO, nanofluids for different
concentrations was demonstrated and it was found that these
nanofluids samples show shear-thinning behaviour and rheopecty.
The storage modulus, G, decreases after a certain critical strain,
or the strain value where shear stress deviates from linear trend.
The results of the frequency sweep experiment show that within
the frequencies range studied in this work, the storage modulus
is higher than the loss modulus, G’ >G”, meaning that the elastic
behaviour is dominant. The volumetric behaviour shows a sig-
nificant contractive trend on mixing and a non-ideal volumetric
behaviour, which is affected by concentration, and also but pres-
sure, although the influence of this last variable is less important.
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