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Abstract In this study the results of simultaneous measurements of
dynamic viscosity, thermal conductivity, electrical conductivity and pH of
two nanofluids, i.e., thermal 0il/Al2O3 and thermal 0il/TiO2 are presented.
Thermal oil is selected as a base liquid because of possible application in
ORC systems as an intermediate heating agent. Nanoparticles were tested
at the concentration of 0.1%, 1%, and 5% by weight within temperature
range from 20 °C to 60 °C. Measurement devices were carefully calibrated
by comparison obtained results for pure base liquid (thermal oil) with man-
ufacturer’s data. The results obtained for tested nanofluids were compared
with predictions made by use of existing models for liquid/solid particles
mixtures.
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Greek symbols

B — electrical conductivity, uS/cm

A — thermal conductivity, W/(mK)

p — density, kg/m®

n  — dynamic viscosity, mPas

® —  volume nanoparticle concentration
Subscripts

m —  weight

nf — nanofluid

D — nanoparticle

TO — base fluid (thermal oil)

v —  volume

1 Introduction

Nanofluids [1] represent a new class of working fluids, that — due to enhanced
thermophysical properties, can find application in many cooling/heating
systems [2-4|. Therefore, it is of great importance to precisely establish
such properties of nanofluids like thermal conductivity, viscosity, surface
tension or contact angle.

Viscosity is one of the decisive factors in convective heat transfer, there-
fore knowledge about exact values of dynamic/kinematic viscosities is of
primary importance in generalization of the experimental data in the form
of Nusselt-type correlations [5] or in numerical modeling of heat transfer
processes. Published data show substantial increase of nanofluid’s viscos-
ity in comparison with the base liquid. The concentration and size of the
nanoparticles in nanofluids have been shown to affect the viscosity. It was
emphasized that agglomeration of nanoparticles would affect the rheological
properties of nanofluids [6].

The fact that thermal conductivity of the suspensions is higher than that
of the base liquids results from the higher — even orders-of-magnitude, ther-
mal conductivities of solids than that of liquids. It is a well known fact that
thermal conductivities of nanofluids showed linear variation with nanopar-
ticle loading. The majority of studies confirmed that at lower particle size,
there is a significant increase in the effective conductivity of nanofluids.
Moreover, the published data show that there exists an extremely strong
temperature effect on the thermal conductivity enhancement of nanoflu-
ids. Unfortunately, the theoretical predictions from present models [7—10]
— established for mixtures (slurries) with mili- and microparticles display
dramatic discrepancy compared to experimental data.
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The pH value is important because it affects thermal conductivity and
first of all the isoelectric point. At the pH value of the isoelectric point, the
repulsive forces between the particles are reduced to zero, which increases
the possibility of agglomeration. On the other hand, hydration forces among
the particles increase with increasing difference in pH from the value at the
isoelectric point. This gives greater mobility to the nanoparticles and in-
creases the thermal transport capability [9].

Despite the vast scientific and technological importance of electrical con-
ductivity characteristics of nanoparticle suspensions, studies concerning the
issue of the effective electrical conductivities of nanofluids have largely been
ignored. Also, there is very few data published when it comes to the elec-
trical properties of nanofluids. On the other hand, among the transport
properties, electrical conductivity might bring information on the state of
dispersion and stability of the particulate suspension [11].

In present study simultaneous measurements of dynamic viscosity, ther-
mal conductivity, electrical conductivity and pH of two nanofluids, i.e.,
thermal 0il/AlsO3 (TO-Al;O3) and thermal 0il/TiOy (TO-TiO;), were con-
ducted. Thermal oil (TO) was selected as a base liquid, because of possible
application in organic Rankine cycle (ORC) systems as an intermediate
heating agent [12|. Measurement devices were carefully calibrated by com-
parison of obtained results for pure base liquid (thermal oil) with manufac-
turer’s data. The results obtained for tested nanofluids were compared with
predictions made by application of existing models for liquid /solid particles
mixtures (slurries).

2 Experimental apparatus and procedure

2.1 Experimental setup

Figure 1 shows a view of the experimental equipment. The viscosity was
measured using a low viscosity capillary type viscometer Rheotest® LK 2.2
(Medingen GmbH, Ottendorf-Okrillan). This viscometer measures the dy-
namic viscosity predominant of Newtonian fluids within the viscosity range of
1 to 10000 mPas (for different capillaries) within the temperature range
from 10°C to 80°C and accuracy of < 2%. Measurement time equals 35 s.
The thermal conductivity was measured using a KD 2 Pro thermal proper-
ties analyzer (Decagon Devices Inc.). The instrument has a specified accu-
racy of 5%. Electrical conductivity was measured using a CPC-401 meter
(Elmetron Ltd., Zabrze). The conductivity meter has a measuring range
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between 0 and 2000 uS/cm and a resolution of 0.1%. pH was measured
using a CPC-401 meter (Elmetron, Ltd., Zabrze, Poland) with a sensor pH
E-2627.

Figure 1: View of the experimental apparatus: 1 — viscometer, 2 — thermostat, 3 — pH
and electrical conductivity meter, 4 — thermal conductivity meter.

2.2 Preparation and characterization of nanofluids

In the present study AlyO3 and TiOo were used as nanoparticles while
thermal oil was applied as a base fluid. Nanoparticles of the required amount
and base fluid were mixed together. Alumina (Al;O3) nanoparticles, of
spherical form had a diameter ranging from 5 nm to 250 nm; their mean
diameter was estimated to be 47 nm according to the manufacturer (Sigma-
Aldrich Co.). Titania (TiO2) nanoparticles, of spherical form had diameter
ranging from 5 nm to 250 nm; their mean diameter was estimated to be
47 nm according to the manufacturer (Sigma-Aldrich Co.). Dispersants
were not used to stabilise the suspension. Ultrasonic vibration was used
for 30-60 minutes in order to stabilise the dispersion of the nanoparticles.
Nanoparticles were tested at the concentration of 0.1%, 1%, and 5% by
weight.
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3 Results and discussion

Before the viscosity and thermal conductivity of tested nanofluids were mea-
sured, the viscosity and thermal conductivity of pure thermal oil were mea-
sured at temperatures of 20°C to 70°C to validate the used viscometer and
the transient hot-wire system. Then, the measured data were compared
with the reference data provided by the vendor. As shown in Fig. 2, the
results show relatively good concurrence between measured values and the
reference values and the uncertainty of the viscosity and the thermal con-
ductivity measurement are maximally around 4% and 31%, respectively.
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Figure 2: Comparison of the measured properties of the tested pure thermal oil with
reference data: a) viscosity, b) thermal conductivity.

As an example Fig. 3 shows the viscosity of TO-AlyO3 nanofluid as a func-
tion of temperature and nanoparticle weight concentration. The results
show that for both tested nanofluids viscosity decreases with temperature
increase and the slope is almost the same as for pure thermal oil. Moreover,
viscosity increases with nanoparticle concentration increase, particularly for
TO-Al;03 nanofluids. Figure 4, in turn, shows the relative viscosity of the
TO-TiO2 nanofluid as a function of temperature and nanoparticle weight
concentration. The results show that the increase of the viscosity of both
tested nanofluids is almost independent of temperature for lower tested
nanoparticle concentrations, i.e., 0.1% and 1%. For the highest nanoparticle
concentration, i.e., 5%, relative viscosity of the TO-Al,O3 nanofluid sub-
stantially increases with temperature increase, while for TO-TiO5 nanofluid
is still independent of temperature — Fig. 4.
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Figure 3: Viscosity of the TO-Al2O3 nanofluid versus temperature and nanoparticle con-

centration.
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Figure 4: Relative viscosity of the TO-TiO2 nanofluid versus temperature and nanopar-
ticle concentration.
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Figure 5 shows a comparison of the measured viscosity of TO-Al,O3 and
TO-TiO2 nanofluids with the values predicted from the Brinkman correla-
tion [13]

ping = pro/ (1= &,)*° (1)
and Einstein correlation [14]
Hnf = (1 + 2.5(I)U) HUTO - (2)

The nanoparticle concentration by volume was recalculated by use of the
formula proposed by Bang and Chang [15]

1
1-®y, | _Po ’
( D ) PTO + 1
Measured values of viscosities of both tested nanofluids are rather close
with the predictions made by the use of Brinkman and Einstein correla-

¢, =

(3)

tions for the lowest tested nanoparticle concentration, i.e. 0.1%. The max-
imum discrepancy between measured and predicted values did not exceed
8%. However, for the highest nanoparticle concentration, i.e. of 5%, both
correlations estimate the viscosity of TO-TiOy nanofluid with reasonable
agreement, although underpredict the experimental data by about 15% and
completely fail in the case of TO-AlsO3 nanofluid — predicted values are un-
derestimated by about 100% independent of nanofluid temperature — Fig.
5.

Exemplarily, Fig. 6 shows the thermal conductivity of TO-TiO2 nano-
fluid as a function of temperature and nanoparticle concentration. The
results obtained for both tested nanofluids reveal that thermal conductivity
increases with temperature and nanoparticle concentration increase. How-
ever, the higher was the nanoparticle concentration the lower was the rela-
tive thermal conductivity. As an example Fig. 7 illustrates relative thermal
conductivity of TO-Al,O3 nanofluid against temperature and nanoparticle
concentration.

Figure 8 shows a comparison of the measured thermal conductivity of
TO-Aly03 and TO-TiO2 nanofluids with the values predicted from Hamilton-
Crosser correlation [16]

Ap +2Aro — 29, (Aro — )\p)
)\p + 2 o + @, ()\TO — )\p)

Independent of the nanoparticle concentration and temperature Hamilton-
Crosser correlation underpredicts the thermal conductivity of both tested

Anf = ATO (4)
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Figure 5: Comparison of measured viscosities with predictions made by the use of

Brinkman’s correlation, Eq. (1), and Einstein’s correlation, Eq. (2), for
nanoparticle mass concentration of 5%.
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Figure 6: Thermal conductivity of TO-TiO2 nanofluid versus temperature and nanopar-
ticle concentration.
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Figure 7: Relative thermal conductivity of TO-Al2O3 nanofluid versus temperature and
nanoparticle concentration.
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Figure 8: Comparison of the measured thermal conductivity with predictions made by

use of Hamilton-Crosser’s correlation, Eq. (3), for nanoparticle concentration
of 5%.
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nanofluids by about 100%. As an example Fig. 8 illustrates the compar-
ison of predicted against experimental data for TO-Al,O3 and TO-TiO9
nanofluids with nanoparticle concentration of 5%.
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Figure 9: Electrical conductivity of TO-Al2O3s nanofluids against nanoparticle concen-

tration.
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Figure 10: Electrical conductivity of TO-Al;O3 and TO-TiO2 nanofluids for nanoparticle
concentration of 0.1%.
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Figure 9 shows electrical conductivity of TO-Al;O3 nanofluid as a func-
tion of temperature and nanoparticle concentration. Contrary to the results
for pure thermal oil and TO-Al,O3 nanofluid with nanoparticle concentra-
tion of 0.1%, the electrical conductivity of TO-TiOs nanofluid decreases
monotonically with temperature increase — Fig. 10.

Independent of nanoparticle material and concentration, pH of the tested
nanofluids increased with temperature increase. As an example Fig. 11 il-
lustrates the pH of the tested nanofluids with nanoparticle concentration of
0.1%.
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Figure 11: PH of TO-Al;O3 and TO-TiO2 nanofluids with nanoparticle concentration of
0.1%.

4 Conclusions

The study revealed that:

e for both tested nanofluids viscosity decreases with temperature in-
crease and increases with nanoparticle concentration increase, partic-
ularly for TO-Al;O3 nanofluid;

e increase of viscosity of both tested nanofluids is almost independent
of temperature for lower tested nanoparticle concentrations, i.e., 0.1%
and 1%;
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e Brinkman’s correlation predicts the viscosity of TO-TiO2 nanofluid
with reasonable agreement and completely fails in the case of TO-

Al;O3 nanofluid;

e for both tested nanofluids thermal conductivity increases with tem-
perature and nanoparticle concentration increase,

e Hamilton-Crosser correlation underpredicts the thermal conductivity
of both tested nanofluids by about 100%.
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