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Nanofluids, which are suspensions of nanoparticles, are interesting engineering materials, which might find
numerous applications in industry. Unfortunately, there is no coherent theoretical model describing viscosity of
nanofluids and further experimental and theoretical studies of this issue should be performed. This paper makes a
contribution to this field. Dynamic viscosity of ethylene glycol based nanofluids containing indium oxide nanopar-
ticles was measured in shear rate range from 10 s~! to 1000 s~! at constant temperature. It was presented that
those materials exhibit Newtonian nature. Viscosity increases with the volume fraction of particles in nanofluids,
and the Krieger-Dougherty equation could be applied to describe this increase. Additionally, a dependence of
viscosity on temperature was examined in the range from 278.15 K to 338.15 K with constant shear rate 100 s~ *.
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1. Introduction

Since its development at the end of twentieth century,
nanofluids are intensively studied. Main areas of investi-
gation are thermal conductivity [1-3] and viscosity [4-7].
It is connected with potential application of those mate-
rials in heat exchangers system, where those properties
are most important [8]. However, other physical proper-
ties like surface tension [9] and optical properties [10, 11]
are also examined.

There are many papers on those basic physical prop-
erties, but still there is no coherent theoretical model
which describes viscosity of nanofluids. For example in
recent review paper by Mishra et al. [4] over 20 vari-
ous, sometimes very sophisticated, models has been pre-
sented. There are many models which describe viscosity
of nanofluids, but they are mostly applied only for one
type of nanosuspensions. Many researchers emphasize
need of detailed experimental data obtained at strictly
controlled conditions which might be used to prepare the-
oretical model. This paper makes some contribution to
this field.

According to the best knowledge of the authors, there
is only one study on thermophysical properties of indium
oxide (InyO3)—ethylene glycol (EG) nanofluids. Latha et
al. [12] presented a paper in which thermal conductiv-
ity, density, viscosity, specific gravity, electrical conduc-
tivity, and optical properties were examined. They pre-
pared few types of samples containing one volume frac-
tion of nanoparticles (1 vol.%) with various fractions of
surfactant (polyvinylpyrrolidone — PVP). On the basis
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of that study they concluded that this material is inter-
esting from the point of view of possible applications as
cooling fluid.

This paper presents results of study on dynamic viscos-
ity of indium oxide—ethylene glycol nanofluids prepared
with various fraction of particles and without any surfac-
tant.

2. Materials and methods

Nanoparticles used in this study are commercially
available indium oxide and it was purchased from Plas-
maChem GmbH (Berlin, Germany). As declared by
manufacturer, average particle size is 4 nm. To evalu-
ate size of particles a JEOL JSM-6700F field emission
scanning electron microscope (JEOL, Tokyo, Japan) was
used. A backscattering electron image was obtained with
operating accelerator voltage 10.0 kV and magnification
250000x. Result of this examination is presented in
Fig. 1. Tt could be noticed that nanoparticles exhibit
tendency to create agglomerates, so each measurements
were performed immediately after sample preparation.

Samples were prepared with mass fractions from 0.01
to 0.05 with 0.01 step, and it was later recalculated
to the volume fractions. Nanofluids preparation proce-
dure was the same one that we previously used for other
nanosuspensions and it has been described in detail else-
where [13, 14].

Dynamic viscosity of nanofluids was investigated with
HAAKE MARS 2 rheometer (Thermo Electron Corpo-
ration, Karlsruhe, Germany) coupled with Peltier sys-
tem and Phoenix 2 thermostat (Thermo Electron Cor-
poration, Karlsruhe, Germany). Cone-plate measuring
geometry with cone angle of 2° and 60 mm diameter
was used. Two types of measurements were performed:
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Fig. 1. Scanning electron microscope (SEM) picture of
dry In2Og3 nanoparticles.

(a) viscosity curves determination, in which dynamic vis-
cosity was investigated at constant temperature 298.15 K
and shear rate was changed from 10 s~! to 1000 s~!,
and (b) dependence of viscosity on temperature in which
constant shear rate 100 s~ was applied and temperature
was changed from 278.15 K to 338.15 K with 10 K step.
Before collecting each measuring points sample was kept
at constant temperature for 300 s to obtain steady state
conditions.

3. Results and discussion

Figure 2 presents results of experimental study on dy-
namic viscosity of InoO3—EG. Viscosity of those materials
does not depend on shear rate, so they might be classi-
fied as Newtonian fluids. Values of viscosity, calculated
as an average of all measuring points from each examined
nanofluid, were summarized in Table I.
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Fig. 2. Viscosity curves of InpoO3—EG nanofluids con-

taining various volume fractions of nanoparticles at
298.15 K.

One might notice that the value of viscosity increases
with the fraction of particles in those materials, and
the ratio of nanofluids viscosity and base fluid viscos-

ity increases with the fraction of particles as presented
in Table I.
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TABLE I

Experimental values of the thermal dynamic viscosity,
Nnyg, of InoO3-EG nanofluids at 298.15 K.

om Do M s Nns /s
- - [Pa s -
0.000 0.0000 0.01690 1.0000
0.010 0.0016 0.01737 1.0278
0.020 0.0031 0.01754 1.0379
0.030 0.0048 0.01773 1.0491
0.040 0.0064 0.01786 1.0568
0.050 0.0081 0.01816 1.0746

Historically first model of viscosity of suspensions con-
nected with the volume fraction of particles, was pre-
sented by Einstein as

MNn
L =1 4 [, (1)
f

where 7 is dynamic viscosity, [7] is the intrinsic viscosity
with the value of 2.5 for spherical particles, ¢ is fraction,
and nf, bf, v subscripts correspond to nanofluid, base
fluid, and volume, respectively.

In subsequent years many models has been intro-
duced. Among them a modified Krieger-Dougherty
(K-D) equation, which is often used for nanofluids
viscosity [15], of the form

_p1 —[nlec
My _ | _ Pv (@)3 K (2)
Ulyi Pe dp ’

where ¢, is critical particle packing fraction with the
value approximately 0.605, D is fractal index with the
value in the range from 1.8 to 2.5, d, and d, are radius
of aggregates and particles, respectively. Therefore, for
spherical particles, K-D model could be reduced to

. d 1.97 —1.5125
TR N <_“> . (3)
Mo f 0.605 dp

This model was fitted to the experimental data, as pre-
sented in Fig. 3. The value of fl—'; parameter obtained

from fitting is 6.199.

Figure 3 presents experimentally evaluated viscosity
ratio and predictions of both presented theoretical mod-
els as well. It might be noticed that Einstein model (1)
underestimates experimental values of viscosity. On the
other hand, modified K-D model (3) presents good agree-
ment with obtained experimental results. Taking into
account viscosity measurements uncertainty one might
notice that this model works correctly for In,O3—EG
nanofluids as presented in Fig. 3.

Dependence of viscosity on temperature was also in-
vestigated in this study, and results have been pre-
sented in Fig. 4. As expected, viscosity decreases with
the temperature in examined temperature range. It
might be noticed that influence of temperature on vis-
cosity is much more visible than impact of the fraction
of particles.
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Fig. 3. Dependence of viscosity ratio and viscosity on
fraction of nanoparticles for InoO3—EG nanofluids at
298.15 K. Symbols present experimental data, lines —
theoretical models.
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Fig. 4. Dependence of viscosity on temperature for

In,O3—EG nanofluids at constant shear rate 100 s™*.

4. Conclusions

This paper presents results of experimental study
on dynamic viscosity of indium oxide—ethylene glycol
nanofluids. It was presented that those materials exhibit
Newtonian nature for each examined fraction of particles.
Results show that viscosity increases with the fraction
of nanoparticles and it could be modeled with modified
Krieger—Dougherty equation. Finally, the dependence of
viscosity on temperature was investigated, and results
show that temperature has strong influence on viscosity

of those materials.
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