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Abstract

The present study aims at nanoparticles characterization and stability as well as the thermal conductivity of the hybrid
nano-oil of ZnO-MWCNT/oil at the temperature range from 25 to 65 °C and the concentrations range from 0.50 to 3.2%
for the solid particles. First, the nanoparticles of MWCNT and ZnO were characterized using XRD-FESEM and FTIR tests,
and according to the results, the analysis of atomic, surface and chemical structure of nanoparticles was made. The
nanolubricant was prepared by a two-step method. For this purpose, firstly, the stability was analyzed by the DLS test and
the results show that the nanoparticles are in nanoscale after the construction of nano-oil. The thermal conductivity was
measured based on the variables of temperature and volume fraction. An increasing trend was observed for the thermal
conductivity for higher temperature and volume fraction of the nanoparticles. The biggest improvement of the thermal
conductivity compared to the base fluid is at 65 °C, the volume fraction is 3.2%, and its value is 35.1%. Moreover, a very
accurate experimental relationship was developed to determine the ratio of the thermal conductivity of nano-oil in the

empirical range.
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Introduction

Today, oils are used extensively in the industries as
lubricant and coolant for lubrication as well as thermal
conductivity. In addition, oils are widely used as a lubricant
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and coolant in engines. The main application of engine oil
is for engine parts lubricating at different temperatures to
reduce the abrasion in various moving parts and cool the
engine by conducting heat from movable and immovable
parts. The thermal conductivity of oil plays a crucial role in
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this regard, and higher thermal conductivity results in a
better heat transfer [1-6]. One of the methods of improving
the performance of systems is the use of proper working
fluid to increase the potential of heat transfer. In this case,
nanoparticles can be used with a high heat transfer poten-
tial known as intelligent heat transfer fluids [7-17].

Nanofluids are nanoparticle-containing fluids like water,
engine oil and ethylene glycol which have been introduced
by Choi and Eastman [18]. They pointed out in their
research that the addition of particles with a higher thermal
conductivity than the base fluid would improve the base
fluids properties. This characteristic has been attracted the
attention of several researchers recently to use the valuable
features of this novel group of fluids in various types of
applications [19-22]. For the oils in engines, researchers
are trying to improve these properties by the use of oxide,
metal, carbon and other nanoparticles in the engine oils
[23, 24].

Thermal conductivity is one of the important factors in
thermal oils. Although the thermal conductivity of various
nanoparticles has been extensively studied, little compre-
hensive research has been conducted to characterize the
nanoparticles and stability of nano-oils in addition to the
thermal conductivity. The studies have been made on the
volume fractions less than 1%.

In the following, a summary of the literature is provided:

Maxwell was the first scientist who analyzed the thermal
conductivity of a solid-liquid suspension considering a
very dilute suspension of spherical particles without taking
into account the interactions between particle and base
fluid. He provided Eq. 1 to describe the results of his
studies [25]:

o — kot knp 4 2kot + 2(knp — kot )

o r 1
kot knp + 2kpr — (knp — kot )@ M)

Eastman et al. [26] studied the thermal conductivity of
nanoparticles AL,O3;, CuO and Cu, experimentally, with
the diameter of nanoparticles less than 10 nm. Their results
indicated that the thermal conductivity has increased by up
to 40% maximum compared to the base fluid. Aberumand
and Jafari Moghaddam [27] investigated the thermal
behavior of nanoparticles containing Cu-engine oil at
0.5-1% volume fraction (vol. %) at a temperature range of
313 to 380°K. The maximum increase in the concentration
is at 1 w/w% and the temperature of 380°K. In another
research, Aberumand et al. [28] assessed the nano-oil and
nanosilver-containing nanofluid in an in vitro environment.
The results showed that the thermal conductivity increases
for higher temperature and volume fraction. In addition,
they proposed a new equation to predict the thermal con-
ductivity in terms of temperature and volume fraction.
Lee et al. [29] investigated on a nano-oil under the influ-
ence of fullerene nanoparticles in an in vitro study. The
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base oil was selected from the mineral type, and the test
apparatus was a disk-on-a-disk system. The experiment
was carried out under different volumetric concentrations
and vertical loads. In this test, the temperature of the
friction surface and the friction coefficient of the lubricant
were calculated. They presented that the friction coefficient
and abrasion are reduced for a higher amount of nanopar-
ticles which reflects the enhancement of lubrication prop-
erties of the mineral oil by using fullerene nanoparticles
(Cep). Ilyas et al. [30] made an in vitro study on the alu-
mina nanoparticle-containing nano-oil in the thermal oil as
the base fluid. The volume fraction interval studied to
modify the oil properties. Stability of nanofluid was
investigated under different conditions. They showed an
improvement in the thermal properties of the alumina
nanoparticle-containing oil.

The favorable properties of nanoparticles led to the
nanofluid overcome the problems of conversion and
transfer of energy and also enhance the development of a
lubrication process, diminish heat exchangers size, higher
system efficiency, lower fuel consumption and make cost
savings as an alternative fluid [31-33].

According to the above results, it can be seen that the
thermal properties of the engine oil play a crucial role in oil
performance. In the present study, a comprehensive char-
acterization of nanoparticles, stability analysis, measure-
ment of thermal conductivity and a new experimental
equation will be provided. In this research, zinc oxide
(ZnO) nanoparticles and carbon nanotubes (CNTs) are used
to form compound nanoparticles. In addition to high ther-
mal properties, it is anticipated that the heat transfer
function improves. In the following, a new equation is
proposed by using the laboratory results, to determine the
thermal conductivity.

Materials and method

Empirical studies have shown that in preparing the
nanoparticle-containing fluids, parameters such as particle
materials, size, nanomaterial concentration, type of base
fluid, surfactants, type and time of ultrasound, and time of
accumulation and adhesion of particles are effective in the
decrease or increase in the thermal conductivity [34, 35].

Compared to some other oxidized nanoparticles, ZnO
nanoparticles have better thermal properties and a spherical
structure. MWCNT nanoparticles are known to have high
thermal conductivity, low specific gravity, high aspect ratio
and high heat transfer potential. So, using a combination of
ZnO and MWCNT nanoparticles, a nanofluid with long-
term stability and proprietary thermal characteristics can be
made.
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The nanofluids creation and stability are among the main
challenges, since obtaining uniform and significant prop-
erties need maintenance of stability in them. A two-stage
method is employed for the creation and stability of
nanofluid. The base fluid is the 20W50 oil from Total S.A.,
used extensively for cars. The exact specifications of the
nanoparticles are presented in Table 1. Characterization of
nanoparticles is carried out to investigate the surface,
atomic and chemical structure of these nanoparticles
employing the FESEM-XRD and FTIR tests.

To test the thermal conductivity, a compound is pre-
pared from each sample (60 mL) according to the standard
of the KD2-Pro device. Various samples are prepared using
0.05-0.1-0.2-0.4-0.8-1.6-3.2 vol.% without the use of
surfactants. The nanoparticles and base fluid masses are
calculated according to Eq. (2), and its values are given in
Table 2. The experiment is performed at temperatures
ranging from 25 to 65 °C.

m m
(p>MWCNT+ (/’)Zno

¢ (%) =
(%) MWCNT+ (%) ZnO + (%) QOil

In order to produce a homogenous nanofluid with long-
term stability and minimum caking, nanoparticles are

x 100 (2)

Table 1 The exact specifications of nanoparticles

Properties MWCNT ZnO

Color Black White

Purity 97 99

Thermal conductivity/Wm ™K™' 1500 19

Specific heat/Jkg 'K~ 710 544

Density/gm 2.1 5.606

Structure Tube Nearly spherical
Dimensions/nm 20-30 25-35

Specific surface area/m>g ™" 110 35-50

Table 2 Mass of nanoparticles and base oil based on various volume
fractions

Solid volume fraction/% Mass (£ 0.001)/g

MMWCNT Mmzn0 moj
0.05 0.039 0.084 52.293
0.1 0.078 0.168 52.267
0.2 0.156 0.336 52215
0.4 0.312 0.673 52.110
0.8 0.624 1.345 51.901
1.6 1.248 2.691 51.482
32 2.496 5.382 50.645

Fig. 1 Nanoparticles and base oil used and nano-oil created

mixed with the base oil for a period of 60 min using a
magnetic stirrer. Then, in order to homogenize the sus-
pension and break down the particle lumps, a probed
ultrasonic device is used for 60 min.

Shown in Fig. 1 are the nanoparticles and base oil used
and nano-oil created.

Note that the stability is tested using the DLS test (dy-
namic light scattering) on the nano-oil sample.

Measuring the thermal conductivity

For the thermal conductivity measurement, KD2 Pro
thermal property analyzer (Decagon Devices Inc., USA)
was employed. Transient hot-wire technique was the basis
of the operation of the device. To verify the device’s cal-
ibration, the standard glycerin fluid proposed by the man-
ufacturer was used to investigate the device’s calibration
before the test. In this test, the KS-1 sensor is used, and
each test will be repeated three times to ensure accuracy of
the results. For temperature stability, samples are placed in
a bath with a 0.1 °C precision.

Validation of test results

Figure 2 displays the results of the verification of the
system for measuring the thermal conductivity for pure
water. In this research, the ASHRAE handbook [36] has
been used to obtain the results of the pure water. Consid-
ering the varied types of oils, their comprehensive infor-
mation is not available. So, product diversity was made
based on emerging developments. As shown, the experi-
mental results are consistent with the reference results, and
their differences are negligible.

@ Springer
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Fig. 2 Validation of test results of heat transfer of the pure water with
temperature variations

Results and discussion
Characterization of nanoparticles
FESEM

The FESEM results of nanoparticles are presented in
Fig. 3. High-resolution images were taken for nanoparti-
cles to evaluate their morphology and structure. The fig-
ures are presented and are magnified to allow observing
and evaluating the surface structure of nanoparticles. In
these results, the tubular structure and nanodimensions of
the particles are clearly observed.

The morphology and structure of ZnO nanomaterials
were assessed by the FESEM test, and the results are also
shown in Fig. 3. FESEM images of zinc oxide nanoparti-
cles show that these nanoparticles have a nearly spherical
structure with an almost uniform diameter averaged at
30 nm. Application of spherical nanoparticles in lubricant
fluids is very important for the reduction in friction and
temperature and resistance increase to the abrasion result-
ing from friction between surfaces.

XRD

Structural characteristics of MWCNT nanoparticles ana-
lyzed by the X-ray diffraction (XRD) to investigate their
atomic structure under the radiation of CuKa
(4 = 0.15418 nm) and 40 kV voltage and 30 mA current at
the range of 10° to 100° are shown in Fig. 4a. The
diffraction peaks at the angles of 20, 25.15°, 42.32°,
44.40°, 53.96° and 77.82° correspond to the crystal plates

@ Springer

MWCNT

ZnO

Fi

g. 3 FESEM of carbon nanotubes and zinc oxide nanoparticles

of (002), (100), (101), (004) and (110) of the powders of
CNT (CNT, JCPDS card No: 01-075-1621), which show
the highly graphitic structure of this powder.

The crystalline structure of ZnO nanoparticles was
determined by X-ray diffraction (XRD) with radiation of
CuKo (4 =0.15418 nm) under a 40 kV voltage and a
30 mA current. Figure 4b illustrates the X-ray diffraction
pattern of the ZnO nanoparticles used in this study. The
peaks specified at the angles of 20, 31.86°, 34.50°, 36.32°,
47.53°, 56.63°, 62.93°, 66.47°, 67.97°, 69.12°, 72.69°,
77.06°, 81.45°, 89.70°, 92.87°, 95.34° and 98.66° corre-
sponding to the crystal plates of (100), (002), (101), (102),
(110), (103), (200), (112), (201), (004), (202), (104), (203),
(210), (211) and (114) which show the structure of poly-
crystalline nanoparticles (zincite, JCPDS card No: 00-036-
1451). No peaks of impurities were detected to be an
indication of the high purity of ZnO nanoparticles.

FTIR

The results of FTIR test on MWCNT are presented in
Fig. 5a. The groups in the structure of carbon nanotubes
are: a large peak at the wavelength of 3400 cm™' for the
O-H bond of the hydroxyl group; the C=C bond in
1637 cm™' of the carbonyl group; the C-H bond in
2920 cm™'; and small peak at about 1128 cm™" of the C-O
bond. The wide peak of the hydroxyl group at the wave-
length of 3400 cm™' of the O-H bond is a result of the
moisture in the sample which was not completely dried
before the analysis. A large peak of C=C with a dual car-
bon bond confirms the hexagonal structure of carbon
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Fig. 4 X-ray diffraction pattern
of (a) MWCNT and ZnO (b) (002)
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nanotubes. In Table 3, the links in the FTIR analysis of
carbon nanotubes and their corresponding wave numbers
are presented.

The results related to the ZnO sample in the range of
350-4000 cm ™" are shown in Fig. 5b. A wide peak in the
range of 3100-3700 cm ™" is observed due to the O—H bond
of the hydroxyl group. Also, the peak of HO molecules is
at the wavelength of about 1630 cm™'. The peak in the
range of 450-550 cm™" is related to the Zn—O bond. The
bonds in the FTIR analysis of zinc oxide nanoparticles and
their corresponding wave numbers are presented in
Table 4.

Nano-oil stability

Making the nanofluid stable is especially important. One of
the methods for creating stability conditions is the use of
the DLS test. This method is able to measure the
nanoparticles size inside the solution in a quick and simple
way without the need for sample preparation. In this
experiment, the DLS-VASCOTMy series device was used

with a wavelength of 657 nm to estimate the dimensions of
the nanoparticles.

The intensity of scattered light fluctuations is analyzed
by radiating the laser into and passing it through the nano-
oil. Then, the size of the nanoparticles is determined. The
pattern of particle size measurement is based on the three
measured variables of number, intensity and volume, and
the results are presented in Fig. 6.

The results of the particle size measurement as a func-
tion of intensity are shown in Fig. 6a. The results of this
figure are obtained by passing the laser beam through the
nano-oil after the incidence, and finally, the device indi-
cates the particle size according to the passage intensity of
the beam. In this pattern, larger particles have a more
intense dispersion, and this causes the effects of particles to
be disappeared from the sensors and report no intensity.
However, the largest peak is 35.49 nm. The general area of
the particles is shown in the figure.

Figure 6b shows the results of the particles mean size
according to the number variable. The average size corre-
sponds to the diameter of the particle in one dimension,

@ Springer
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Fig. 5 FTIR analysis of a MWCNT and b ZnO in the range of
500-4000 cm ™', revealing the bonds in the structure

Table 3 Bonds of the FTIR analysis of carbon nanotubes and the
corresponding wave number

1637 2920
Bond Cc-0 C=C C-H

Wave number/cm ™! 1128 3430

O-H

Table 4 Bonds in the FTIR analysis of zinc oxide and the corre-
sponding wave number

Wave number/cm ™! 500 1635
Bond Zn-0 H,O

3440
O-H

with the largest average diameter being about 35.49 nm,
and the particle diameter range is less than 100 nm, which
in fact confirms the nanoscale of the particles.

The diameter of the nanoparticles is presented in Fig. 6¢
in terms of nanomaterials concentration. The results indi-
cate the volume occupied by nanoparticles in various
dimensions. The results obtained by this methodology
determine the particle diameter more generally. However,
its main difference with the results of the analysis of the
number of particles is that a large particle takes up more
space than a small particle, and naturally, the results show a
slight increase in the diameter. This method is more

@ Springer

applicable in the study of nanofluid stability for industrial
applications.

Effect of temperature on nano-oil thermal
conductivity

Changes in the nano-oil thermal conductivity when using
the combined particles of carbon nanotube-zinc oxide at
different temperatures and concentrations are shown in
Fig. 7a. It is concluded that with enhancing the tempera-
ture, the thermal conductivity of the base oil decreases. So,
adding nanomaterials increases the changing trends of
thermal conductivity. Moreover, for a higher concentration,
the slope of the increase in thermal conductivity will be
steeper. One of the reasons for this increase in the thermal
conductivity coefficient is higher kinetic energy of the
nanofluid molecules and higher energy levels.

As shown in Fig. 7a, with the higher volume fractions
and also higher temperatures, the thermal conductivity
increases very rapidly compared to the lower volume
fractions. One main reason can be the increase in the heat
transfer acceleration of the nanoparticles clustering rate in
higher concentrations which makes a chain between
nanoparticles and results in a higher heat transfer and a
higher thermal conductivity.

In order to better understand the behavior of the thermal
conductivity with the increase in temperature, the ratio of
the thermal conductivity is calculated as follows:

Thermal conductivity ratio = Kut (3)
bf

The results of thermal conductivity ratio are shown in
Fig. 7b. At the highest vol. % (3.2%), a higher thermal
conductivity occurs with the increase in temperature from
18.3 to 35.1% compared with that for the base fluid. In the
low volume fractions, due to the small amount of
nanoparticles in the base fluid, variations of the thermal
conductivity are lower than in high volume fractions.

In lower volume fractions, the relative thermal con-
ductivity increases with a very low gradient when the
temperature increases. However, for a higher volume
concentration, the variation gradient of the relative thermal
conductivity increases significantly, indicating a positive
effect of the caking phenomenon in nanoparticles and
higher nanoparticles Brownian diffusion with increasing
temperature.

Variations in the thermal conductivity ratio of nano-oil
to the base oil at different volumetric concentrations with
increasing temperature are shown in Table 5. The increase
in thermal conductivity is observed for higher temperature
and volume concentration. The effect of the volume frac-
tion is higher between the two variables of volume con-
centration and the temperature.
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Table 5 Ratio O.f pano—oﬂ . Temperature/°C Solid volume fraction/%
thermal conductivity to base oil
in terms of temperature in 0.05 0.10 0.20 0.40 0.80 1.60 3.20
various volume fractions
15 1.007 1.022 1.036 1.058 1.095 1.132 1.183
25 1.014 1.037 1.059 1.089 1.141 1.186 1.238
35 1.015 1.052 1.090 1.127 1.172 1.225 1.278
45 1.030 1.068 1.113 1.151 1.212 1.257 1.318
55 1.038 1.083 1.129 1.175 1.236 1.290 1.351
65 1.007 1.022 1.036 1.058 1.095 1.132 1.183
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Fig. 8 Changes in a thermal conductivity and b thermal conductivity ratio in terms of volume fraction at different temperature

Effect of volume concentration of nano-oil
on thermal conductivity

The results of the volume concentration effect on the
thermal conductivity of the nano-oil are displayed in
Fig. 8a. A higher volume concentration from 0.05 to 3.2%
at constant temperature results in a higher thermal con-
ductivity. It is quite evident that the effect of the volume
fraction is much higher in comparison with the tempera-
ture, which is mainly due to the higher nanomaterials
thermal conductivity compared with the base fluid. The
highest volume fraction has been created at the highest
volume fraction which shows the advantage of nanoparticle
clustering due to the higher number of particles.

For a higher volume concentration, a higher number of
particles are arranged in a chain to form larger clusters. For
higher temperature, the energy level of the particles and
particle interactions enhances, which, finally, accelerates
the heat transfer by the clusters and increases the thermal
conductivity.

@ Springer

As observed in Fig. 8b, for a higher volume concen-
tration, the thermal conductivity ratio enhances. This is
observed at all temperatures. Considering cooling as the
main parameters deal with the oils in various engine parts
in addition to their lubrication, the use of this nano-oil at
higher volume fractions is recommended for cooling
equipment. With all that in mind, excessive enhancement
in the nanoparticles volume concentration can cause
instability of the nano-oil and make it unsuspend. Also, in
case of the possibility of using the nanofluid in heat transfer
systems, problems could arise like increased viscosity of
the nanofluid and the need for a higher-power pump
[37, 38]. It should be mentioned that the highest concen-
tration used in this oil has been quite stable.
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Proposed model

The behavior of nanofluids could change under the influ-
ence of a number of parameters. Since many factors affect
the thermal properties of nanofluids, e.g., manufacturing
method, influences of temperature, particle distribution and
size, type of nanoparticles and Brownian diffusion effect
[39—41], researchers are not able to provide a compre-
hensive model for predicting the thermal conductivity with
high precision. The inability of classic theoretical models
has been widely reported in previous studies [42—44]. In
this study, a precise relationship was developed to deter-
mine the thermal conductivity ratio of the combined nano-
0il MWCNT-ZnO/oil in terms of temperature and volume

concentration.
kot _ 1
ks

—0.3974
+1.6235¢ "B exp( —2.7016 (T) 02526
0

(4)

where k is the thermal conductivity, Ty is 25 °C, T is the
nano-oil temperature in degrees centigrade and ¢ is the
volume concentration. Also, the indices nf and bf are the
nanofluid and the base fluid, respectively.

The precision of the equation has been investigated
using Eq. (5) showing the maximum deviation of 1.08%
between the experimental data and the equation. The
accuracy is presented in various diagrams as shown in
Fig. 9.

kExp - kPred

Deviation margin (% ) = x 100 (5)

Exp
when the subscribe Exp and Pre show the experimental and
determined values.

Conclusions

Purposeful and comprehensive characterization of the
hybrid nanoparticles of carbon nanotubes—zinc oxide,
production of nano-oil, stability and thermal conductivity
of oil ZnO-MWCNT/oil under the influence of tempera-
ture range from 25 to 65 °C, and the volume fraction
percentages were made in an in vitro environment. Results
of nanoparticles characterizations showed acceptable sur-
face and atomic structures. In the following, a summary of
the conclusions of the study is presented.

1. In order to create the nano-oils, the two-stage method
is recommended considering their high viscosity.
Mechanical and ultrasonic mixing provides suitable and
acceptable results for nanolubricant production.

@ Springer

2. Characterization of nanoparticles shows the surface
structure of nanoparticles very clearly.

3. Investigation of the atomic and chemical structure
indicated the nature of the materials used, by which the
desired details are observed in atomic and chemical
aspects.

4. Thermal conductivity increases significantly under the
influence of volume concentrations and increases to a
maximum of 35.1%.

5. Thermal conductivity increases with increasing tem-
perature. This advantageous property of the nano-oil
can perform better at higher temperatures because
increasing the thermal conductivity actually means
increased thermal conduction. In applications, the
thermal efficiency increases at higher temperatures.

6. Effects of nano-oil volume fraction are much higher
than temperature, which is mainly due to the much
higher thermal conductivity of nanomaterials than the
base fluid.

7. The experimental equation of the thermal conductivity
ratio has been obtained by the curve fitting method and
could be used in numerical calculations and computer
simulations of this nanolubricant given its high accu-
racy. In the worst case, the maximum error is 1.08%.
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