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Abstract. In this experimental investigation, nanofluids are prepared with different types of nanoparticle and solid
concentration. Multi-walled carbon nanotubes (MWCNT), silver (Ag), titanium dioxide (TiO:) and zirconium dioxide
(ZrO;) nanoparticles are used in this work. Thermal conductivity and dynamic viscosity of the base fluid and all
nanofluids were measured at different temperatures and the effect of the type, temperature and solid concentration on
the heat transfer properties of the nanofluids is investigated. The results show an increase of up to 18% in the value of
the thermal conductivity of nanofluids of multi-walled carbon nanotubes (MWCNT) compared to the base fluid. A
maximum increase of 1.7% in dynamic viscosity was observed for the maximum concentration of carbon nanotubes
(MWCNT). The results obtained are compared with different authors.
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1. INTRODUCTION

Heat transfer fluids such as water, ethylene glycol and oil are used in many fields of applications, but they have poor
heat transfer properties compared with most solids, this can be seen in Tab. 1. How to improve their thermo-physical
properties is one of the greatest challenges to their application. Therefore, many researchers have focused their efforts on
the development of high-performance heat transfer fluids in recent decades. So, advancement in nanotechnology gives an
opportunity to disperse nanoparticles (1-100 nm) in based liquid, which is called nanofluids by (Choi,1995).

Table 1. Thermal conductivity of some additives and conventional fluids

Materials Symbol Thermal Conductivity (W/m.K)
Metallic materials
Cooper Cu 401
Silver Ag 428
Gold Au 318
Iron Fe 83.5
Non-metallic materials
Aluminium oxide AlOs 40
Cooper oxide CuO 76,5
Carbon nanotubes MWCNT ~3000
SWCNT ~ 6000
Diamond C ~2300
Conventional fluids
Water H,O 0.613
Ethylene glycol EG 0.215

0Oil TO 0.145
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Thermo-physical properties of a nanofluid such as dynamic viscosity and thermal conductivity play a more significant
role in thermohydraulic performance. Higher thermal conductivity means higher heat transfer performance, while lower
viscosity results in lower pumping power and lowering pressure (Asadi et al., 2018). The exponential increase in the
number of publications in this field shows that the issue of nanofluids has attracted much attention in recent years. A wide
range of experimental and theoretical studies on thermal conductivity and dynamic viscosity of nanofluids have been
carried out in the last decade. Table 2 shows a summary of some works published by other authors and discussed in this

investigation.

Table 2. Summary of the published literature of the thermal conductivity and dynamic viscosity of oil-based

nanofluids.
Reference  Studied  Temperature Solid Remarks of thermal Remarks of viscosity
nanofluid concentration conductivity
Pakdaman et MWCNT 40 - 70 °C 0.1, 0.2, and Maximum thermal Maximum viscosity
al. (2012) -heat 0.4 wt.% conductivity enhancement  increase of 67% @ T= 40
transfer of 15 % at solid °Ce ¢=0.4 wt.%
oil concentration of 0.4 wt.%
and temperature of 70 °C
Ettefaghiet MWOCNT 40 -100 °C 0.1,0.2, and Maximum thermal Maximum viscosity
al. (2013) -heat 0.5 wt.% conductivity enhancement  increase of 1.7 % @ T=40
transfer of 22.7 % at solid °C and ¢=0.5 wt.% and
oil (20 concentration of 0.5 wt.%  Maximum viscosity
W50) decrease of 0.25 % @
T=100 °C and ¢=0.1 wt.%
Aberoumand Ag/heat 40-100°C  0.12,0.36,and The Brownian motion is the Maximum viscosity
etal. (2016) transfer 0.72 wt.% responsible mechanism for increase of 41 % @ T=25
oil the thermal conductivity °C and ¢=0.72 wt.%
enhancement by increasing
the temperature
Ilyasetal. MWCNT 25-90°C 0to1wt% The thermal conductivity of Non-linear decrease of the
(2017) /heat the pure oil decrease as the  viscosity by increasing the
transfer temperature increased. . temperature has been
oil The maximum reported
enhancement was 28.7 % at
the ¢@=1 wt.% and T=60
°C
Lietal. SiCand 30°C 0.025t0 0.3 Adding 3 vol.% dispersant  Both the studied nanofluids
(2017) Ti0,/ oil vol.% results in 5 % enhancement showed lower viscosity
in the thermal conductivity = compared to the base fluid.
Wei et al. SiC- 17t043°C  0.1to1wt.%  Maximum thermal They reported an increasin
(2017) TiO»/Diat conductivity enhancement  trend in the dynamic
hermic 0f 8.39 % at T=43 °C and  viscosity by increasing the
oil ®=1vol.% solid concentration and
decreasing trend by
increasing the temperature
Asadietal. MWCNT 20to 50 °C 0.25to 2 vol.% Maximum thermal Maximum viscosity
(2016) - conductivity enhancement  increase of 65 % @ T=40
MgO/Eng of 62 % at T=50 °C and °C and ¢=2 vol.% and
ine oil =2 vol.% minimum viscosity increase
of 14.4 % T=25 °C and
©=0.25 vol.%
Asadietal. MWCNT 25to 60 °C 0.25to 2 vol.% Maximum thermal Maximum viscosity
(2018) - conductivity enhancement  increase of 50 % @ T=60
Mg(OH)» of 50 % at T=60 °C and °C and =2 vol.% and
/Engine ¢=2vol.% minimum viscosity increase

oil

of 5 % @ T=25 °C and
©=0.25 vol.%
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Researchers widely reported that increasing the solid concentration of nanoparticles as well as the temperature leads
to enhancing the thermal conductivity of nanofluids. Although the thermal conductivity and viscosity of nanofluids plays
a crucial role in heat transfer enhancement, there is a limited number of studies devoted to investigating the thermal
conductivity and viscosity of oil-based nanofluids. For example, Choi et al. (2001) reported that 1 vol.% of MWCNT
based heat transfer oil nanofluids shows up to 150% enhancement in thermal conductivity compared to that of the pure
oil. Liu et al (2005) showed 30 % enhancement in the thermal conductivity of synthetic engine oil in the presence of
MWCNT at a volume fraction of 0.02 using a two-step method. Pakdaman et al. (2012) worked on thermo physical
characteristics of MWCNT based heat transfer oil nanofluids in weight fractions of 0.1 %, 0.2 % and 0.4 % and they
reported that the viscosity of nanofluid with 0.4% of weight concentration is 67 % greater than that of the base fluid at 40
°C, while the corresponding result for the enhancement of thermal conductivity is 15 % at 70 °C.

Aberoumand et al., (2016) recently reported their experimental data of conductivity and viscosity of Ag/TO
nanofluids. They reported that the thermal conductivity of the base fluid showed a decreasing trend as the temperature
increased, but the thermal conductivity of the nanofluids showed an inverse trend; it increases as the temperature
increased. This increasing trend has been repeated for all the concentrations. They saw enhancements of around 40 % and
27 % for thermal conductivity and viscosity, respectively. In addition, they reported that the non-Newtonian behavior of
their applied nanofluids was occurred for applied nanofluids.

Current experimental research prepares thermal oil-based nanofluids with different concentrations and types of
nanoparticles. To explore the thermal performance of fluids containing nanoparticles and use them in a place of
application, it is important to study their thermophysical properties deeply. Therefore, thermal conductivity and dynamic
viscosity were measured and the effect of nature and the concentration of four types of nanoparticles MWCNT, Ag, TiO,
and ZrO,) suspended in thermal oil were examined, analyzed and discussed.

2. METHODS
2.1 Materials

The TiO»/TO and ZrO»/TO nanofluids used in the present work were produced by LIEC-UFSCar, using the thermal
0il (LUBRAX UTILE OT grade ISO 100), supplied by PETROBRAS. The diameter of the nanoparticles of TiO» and ZrO»
are 5.85 nm and 1.13 nm, respectively. With the same oil as base fluid, the Ag/TO and MWCNT/TO nanofluids were
synthetized in this work. Silver nanoparticles and multiple wall carbon nanotubes were purchased from the company
Nanostructured & Amorphous Materials, Inc., powder, without any surface treatment, both with spherical morphology,
the diameter of the MWCNT being between 20-30 nm and of silver 80 nm.

2.2 Preparation of nanofluid

To prepare the nanofluids the two-step method is used as can be seen in detail in Fig. 1, which presents each of the
steps performed for the production of the nanofluids. The routine applied begins with measuring and separating the masses
base fluid (TO) and nanoparticles comply with previously established concentrations, the different mass fractions were
suspended in the thermal oil (TO) and they were calculated using Eq. (1).

mp

wt.% =

(M

mp+ myg

Where wt is the mass fraction of nanofluid, m is the mass and the subscripts p and f represent nanoparticle and base
fluid, respectively. Table 3 shows the solid concentration values by nanoparticles used in this work.

Table. 3 Mass concentration of the four nanofluids used in this work.

Nanofluids Mass concentration (wt.%)
TiO2/TO 0.10 0.50 1.00
Zr0,/TO 0.10 0.50 1.00

Ag/TO 0.06 0.12 0.59
MWCNT/TO 0.01 0.02 0.12

In this process, the carbon nanotube nanoparticles from functionalized solution is first subjected to a process of drying
for the separation of nanoparticles. The drying process is checked with the aid of a digital scale where the mass of the
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dried sample is checked periodically until it reaches a stable value of the dry mass of nanoparticles. Next, the dry mass of
nanoparticle is ground and sifted to powder form. Due to the high viscosity of the thermal oil a mechanical stirrer is used
to facilitate dispersion of nanoparticles within the base fluid. A once this first process is completed, each sample is
sonicated by applying a power of 750 W at a frequency of 20khz. This sonication process is performed from 30 to 35
minutes. Once the sonication process is finished, the samples are submitted to a low power (50 W) and high duration (3
hours) ultrasonic bath sonication process. The mass concentration of the nanofluids are presented at the Tab. 3.

Mechanical

stirrer

I

Ultrasonic probe bath ultrasonic

Nanoparticles

’ ' Balance Required mass of
nanonarticle

Functionalized Drying stove Nanofluid
solution
nanoparticles

Figure 1. Nanofluid production process

2.3 Thermal conductivity measurement

The thermal conductivity of the nanofluids was measured using a conductivity meter from the company LINSEIS
model THB-1, showed on Fig. 2-A, that uses the transient hot bridge method to determine the thermal conductivity of
solid and liquid materials. It has uncertainty less than 3% of the measured value and full scale up to 1 W/m.K. The main
components of the equipment are the probe, shown in Fig. 2-B, made of a kapton tape insulated nickel wire resistor that
acts as a continuous heat source, and also serves as a temperature sensor.

Figure 2. LINSEIS conductivity meter THB-1 and approximate view of the THB sensor.

The effect of the temperature was evaluated by means of a small vessel, designed to maintain a ~5 ml sample at
constant temperature. There were used a tub that acts as a heat exchanger that receives heated water from a thermostatic
bath that allows the control and keeps the temperature of the sample constant during the measurement. The thermostatic
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bath used was MQBMP-01, it controls the temperature between 0 and 80 °C, with stability up to 0.02 °C and accuracy of
0.1 °C. The entire experimental apparatus is shown in Fig. 3, which contains the thermal bath used to ensure constant
temperature, the stainless steel vat in which the nanofluid sample was placed, the conductivity meter and a computer with
the data acquisition program. The probe is inserted into the nanofluid sample contained in the stainless steel vat attached
to a thermal bath. Through software in a coupled computer, 10 measurements were performed per cycle, from 2 to 3
cycles per sample, by means of an automatic measurement.

Computer with sofiware
¢ R ™ Conductivity meter

Figure 3. Experimental setup for measuring thermal conductivity of nanofluids.

In the present work, the tests were performed by varying the temperature in the interval of 10-60 °C, ranging from 10
at 10 °C.

2.4 Dynamic viscosity measurement

The dynamic viscosity was measured with the aid of a Stanbinger SVM 3000/G2 viscometer from Anton-Paar, with
an accuracy of 0.1% and a measurement range between 0.2 and 20.000 mPa.s. This instrument has a Peltier cell that
controls the temperature of the sample, allowing measurements from 10 °C to 100 °C with maximum stability of 0.005
°C and accuracy of 0.2 °C. Figure 4 shows the apparatus used for the measurement of dynamic viscosity.

& W
TEam T4 o
Edar Amn s

. 2

Figure 4. Stabinger SVM 3000 / G2 viscometer used for dynamic viscosity measurements of nanofluids.

In order to evaluate the effect of temperature and nanoparticle concentration on the dynamic viscosity of nanofluids,
four measurements were made for each condition, varying the temperature from 20 °C to 80 °C with 20 °C increments.
Between the measurement of each nanofluid sample the viscometer was cleaned with soap and water, and before inserting
the next fluid the base oil was injected into the viscometer to prevent water, soap, or other impurity from damaging the
measurement.

3. RESULTS
3.1 Measurement of Thermal Conductivity

Experimental results of thermal conductivity were obtained for the nanofluid samples in oil, these were compared
with data found in the literature and with mathematical models that predict the behavior of nanofluids.
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Fig. 5 shows a comparison of the results obtained for Ag/TO thermal conductivity measurements with a model
proposed by Xue (2006) presented in the Eq. (2), with the objective of validating and analyzing possible effects of
interfacial layer, nanoparticle shape and the effect of concentration.

0=9.(1-¢) b g ) +4< s )] @)

2. knr—k ’ np p
nf~ %fb knf+0.14. W.(kb— Knf) 2 kpp+0.5 .W.(ka— Knf)

Where, ka € kb, are parameters, described by equations Egs. (3) and (4), which represent the interfacial layer termal
conductivity associated with nanotube diameter and length, dnp € lnp, respectively.

k.
ke = — 5 3)
1+2 .Rg M
k
ky = — @)
142 Ry 7.2

The term Rk represents the thermal resistance of the interfacial layer. Using the value of 3 * 10~8 for the MWCNT/TO
nanofluid, and 3 * 107° for the remaining nanofluids (Ag/TO, TiO»/TO e ZrO,/TO).

Furthermore, the data are also compared with the model presented by Maxwell (1873) presented in the Eq. (5). This
model involves only the volume concentration of nanoparticles phi, the thermal conductivity of the nanoparticles k., and
of the base fluid k.

knp — kgp

=14 3¢

. 5
kp 2k fp+ knp— ¢ (knp— kfp) ®)

The results obtained by Aberoumand et al. (2016) under the same temperature conditions (40.0, 50.0 and 60.0 °C)
varying the mass concentration of the samples were exhibited in the graph as well.

Therefore, it is possible to verify in Fig. 5 that, among the increments obtained in this work, the most significant was
obtained for the temperature of 40 °C in the mass concentration of 0.12%, reaching approximately 3% improvement over
the base oil in the same temperature. In addition, it is evident that the presented data have a maximum point, from which
the addition of silver nanoparticles becomes disadvantageous; this point would be close to 0.1% of mass concentration.

Ag/TO 40 °C (Present Experimental)

0.16 A
§ E ® AgTO 50 °C (Present Experimental)
g .=
Z 0.15 1 P s e Ag/TO 60 °C (Present Experimental)
2 /\.—..—.-.o-...o.......:-,--u:u"n.:uuuu\-A'.N.lu.-.t.-.t.-.n.
Z 0.14 i - = l= Ag/TO 40 °C (Aberoumand et al., 2016)
5 014
2] .

’

g » O Ag/TO 50 °C (Aberoumand et al., 2016)
T 013 °
g Ag/TO 60 °C (Aberoumand et al., 2016)
&

ol | oo oo s Maxwell (1873)

0.0 0.2 0.4 0.6 0.8 Xue (2006)
= = = Xue

Mass concentration @, (%)

Figure 5. Thermal conductivity of Ag/TO nanofluids of the present experiment compared to data obtained by
Aberoumand et al. (2016) as a function of the mass concentration, at 40, 50 and 60 °C.

In other hand, the thermal conductivities of the four nanofluids studied in the present experiment relative to the pure
oil are shown in Fig. 6, varying the mass concentrations, all for the 40.0 °C temperature condition.
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Figure 6. Thermal conductivity of the nanofluids tested in the present work as a function of the mass concentration, at
40 °C.

As expected, the relative thermal conductivity of all the tested nanofluids were higher then one, which means that the
four types of nanoparticles enhanced the thermal conductivity of the pure oil. Furthermore, the nanoparticle that generated
the best thermal conductivity results comparing to the results of the base fluid was that of carbon nanotubes, in the mass
concentration of approximately 0.02%, reaching about 18% of increment, as in the work presented by Pakdaman et al.
(2012) for the same mass concentration of MWCNT in oil. However, the results showed for approximately 0.1% of mass
concentration, reaching just over 15% increment, were significantly lower than that presented by Ilyas et al. (2017), that
founded 28.7% increase over base fluid for MWCNTs / thermal oil nanofluids with 0.1% nanoparticle mass concentration.
Note that, different from some affirmations made by several authors, that the thermal conductivity of the nanofluids
increase with the addition of nanoparticles (Ahmadi et al., 2018), for all nanofluids in this study the addition of
nanoparticle reaches a point of maximum increase in relative thermal conductivity and then begins to fall. For the
nanofluids of TiO; and ZrO; this mass concentration is close to 0.5%, while for MWCNT and Ag it is about 0.02% and

0.1%, respectively.
3.2 Measurement of dynamic Viscosity

The experimental results found for the dynamic viscosity of oil nanofluids were compared with data found in the
literature and with mathematical models that predict the behavior of nanofluids. Therefore, Fig. 7 and Fig. 8 makes a
comparison between the relative viscosity as a function of temperature, for Ag/TO and MWCNT/TO nanofluids tested in
the present work with data obtained by Aberoumand et al. (2016) and Ilyas et al. (2017), respectively. The mass
concentrations of the review silver nanofluids ranged from 0.12 % to 0.72 %, and MWCNT nanofluids in the range 0.1%

to 1 %.

2.0
1.8 - B Ag/TO 0.06 wt.% (Present Experimental)
1.6 .

Ag/TO 0.12 wt.% (Present Experimental)

1.4 _ zz\
1.2 - ‘ - \: N Ag/TO 0.59 wt.% (Present Experimental)

’ N - ﬁ . ;_:_:.:;7t\—:~:_;_: ﬁ
\;/ —-#—- Ag/TO 0.12 wt.% (Aberoumand et al., 2016)

Relative dynamic viscosity (i ,¢/1g,)

1.0
0.8 -
0.6 - — - AgTO 0.36 wt.% (Aberoumand et al., 2016)
04 -

— - Ag/TO 0.72 wt.% (Aberoumand et al., 2016)
2 20 30 40 50 60

Temperature (°C)

Figure 7. Relative viscosity of Ag/TO nanofluid compared to data obtained by Aberoumand et al. (2016) as a function
of temperature.
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Figure 8. Relative viscosity of MWCNT/TO nanofluid compared to data obtained by Ilyas et al. (2017) as a function of
temperature.

Therefore, when comparing the results obtained in each work, it can be noted that, differently of what can be seen for
the data of both reviews, where there was an evident increment tendency in dynamic viscosity with the increase of
temperature, mainly for nanofluids with higher mass concentrations (Ilyas et al., 2017), the dynamic viscosity of the tested
nanofluids did not vary significantly compared to the pure oil for all the temperature conditions.

Furthermore, the Fig. 9 compares the results obtained for the dynamic viscosity measurements of Ag/TO,
MWCNT/TO, ZrO2/TO and TiO2/TO nanofluids under the same temperature conditions (40.0 °C) with Einstein's model
(Einstein, 1906), presented in the Eq. (6), used to determine the viscosity of diluted suspensions with volume
concentrations of less than 5%.

Hnr = (14 2,5¢)us (©)

The data were arranged in order to analyze the relative viscosity as a function of the mass concentration of
nanoparticles. Thus, it is possible to verify that the zirconium nanofluids and carbon nanotubes showed an increasing
trend in relative viscosity with the increment of nanoparticles, in addition to the fact that all the samples exhibited viscosity
close to the base fluid, with the highest increase observed in MWCNT/TO in the mass concentration of 0.12%, presenting
little more than 1% increase. However, zirconium dioxide and titanium nanofluids showed lower dynamic viscosity results
than pure thermal oil. This effect may be associated with the possibility that thermal oil-based nanofluids exhibited some
non-Newtonian fluid behavior characteristic that changed viscosity as a function of shear stress.

105 ® AgTO40°C
2 1.04 4
=]
= MWCNT/TO 40 °C
= 1.03 -
=
S 102 ZrO02/TO 40 °C
& 1.01 4
2 oY @ . @ TO2TO40°C
S 100 jeeMLisssiiiccecccccccccccccccccccccccne
2
E 099 A eeeesee Ag/TO - Einstein (1906)
5, ]
< 0% MWCNT/TO - Einstein
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2 096 @ 7r02/TO - Einstein (1906)
N
0.95 T T T T T T TiO2/TO - Einstein (1906)
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Figure 9. Relative viscosity of the nanofluids of the present work as a function of the mass concentration, at 40 °C.
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4. CONCLUSIONS

In order to improve the thermo-physical properties of conventional fluids for heat transfer application, this study
investigated the thermal conductivity and rheological behavior of different nanofluids. In the experiment, the nanofluids
were prepared by two step methods. The stabilized nanofluids were measured in thermal conductivity and dynamic
viscosity. The results show that with increasing volumetric fraction, the thermal conductivity value of nanofluids becomes
larger, until a certain point that the maximum enhance is reached and this property fstart to suffer a decrease with the
increment of nanoparticles. Therefore, the maximum increases in thermal conductivity of the studied nanofluids were
found at MWCNT/TO, reaching approximately 18% compared to the pure oil, in the mass concentration of approximately
0.02%. Among the increments obtained at thermal conductivity of Ag/TO, the most significant was approximately 3%
improvement over the base oil, at the temperature of 40.0 °C in the mass concentration of 0.12%. Furthermore, the
dynamic viscosity of the tested nanofluids did not vary significantly compared to the pure oil for all the mass concentration
and temperature conditions. And the greatest increase of the dynamic viscosity was registered for MWCNT nanofluids.
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