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Oils are used as coolants and lubricants in different industrial systems with the aim of reducing friction between
parts and their abrasion. The objective of the present studywas to investigate the effect of addition of Al2O3-Fe2O3

Nano powder hybrid on the thermal properties of 10w40 engine oil. In this study, the effect of nanoparticle con-
centration at differentmass fractions (0, 0.25, 0.5, 1, 2, and 4)was examined. Experimentswere conductedwithin
a temperature range of 25–65 °C. The nano-lubricant was prepared using the two-stage method. An ultrasonic
probe was used for 45 min to uniformly distribute the nanoparticles in the base fluid. The thermal conductivity
coefficient of the hybrid nanofluid was measured using the KD2-Pro thermal analyzer, the results of which indi-
cated that even the smallest mass concentration improved the thermal properties of the nano-lubricant. Accord-
ingly, the largest improvement occurred at a mass fraction of 4%, i.e. 33% of the base oil. In order to calculate the
thermal conductivity of the nano-lubricant using the temperature and mass fractions of the particles, the curve
fittingmethod was applied to the experimental data to find a highly accurate experimental relation in SigmaPlot
V12.

© 2019 Published by Elsevier B.V.
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1. Introduction

Today, storage of energies and increasing their efficiency are among
the most fundamental requirements of the industry. All internal com-
bustion engines and industrial machines take advantage of engine oil
to prevent corrosion of parts and reduce their abrasion caused by con-
stant contact. In addition to reducing corrosion and friction, oils are
used for filtering, cooling, dissipation of heat from the engine, and
sealing of parts [1–3]. Hence, it can be assumed that appropriate use
of engine oils improves engine efficiency and durability and reduces
fuel consumption. Numerous studies have been conducted to improve
the thermal properties of lubricants. For instance, addition of materials
with high thermal conductivity to the base fluid is a well-known
method to improve the heat transfer process in systems [4–6]. Solid par-
ticles offer a higher level of conductivity compared to the conventional
fluids used in heat transfer applications. In 1873, Maxwell succeeded in
improving the heat transfer rate of liquids by addition of solid particles
to them [7]. However, the drawbacks of this method involved pressure
drop, precipitation, corrosion, and impurities.Masuda et al. were able to
partly deal with these problems by using particles of tinier sizes [8].
Nanofluids are a new category of fluids with a high heat transfer poten-
tial. They are prepared by dispersion and suspension of metal and non-
arimipour).
metal nanoparticles of smaller than 100nm in a basefluid such aswater,
oil, and ethylene glycol [9].

Experimental studies show that the increase or decrease in coeffi-
cient of conductivity of nanofluids is affected by parameters such as
concentration of nanoparticles, type of suspended particles and the
base fluid, shape of particles and their size, temperature, surfactants,
type and duration of applied ultrasonic, and accumulation of particles
[10–12]. Moreover, studies also indicate that addition of nanoparticles
significantly increases thermal conductivity of the fluid. In addition,
since the nanoparticles can remain suspended for a longer period in
the fluid, the possibility of abrasion and obstruction of pipes due to
quick deposition of particles is decreased [13–15].

In their study, Wu et al. investigated the lubrication properties of
two types of engine oils as well as the effect of copper oxide (CuO), tita-
nium oxide (TiO2), and diamond nanoparticles (Nano diamonds). To
this end, the reciprocating sliding friction and wear test was used. The
results showed that addition of nanoparticles to oil significantly contrib-
utes to reduction of abrasion and friction and improvement of oil prop-
erties. They reported that the friction coefficients of the API-SF and the
base fluid containing CuO nanoparticles were reduced by 18.4% and
5.8%, respectively, and the wear depths were reduced by 16.7% and
78.8%, respectively [16]. Ku et al. assessed the lubrication characteristics
of fullerene nanoparticles added to mineral oils with respect to their
volumetric fraction. They used a disk-on-disk device at different volu-
metric fractions and vertical loads and experimentally investigated the
temperature of friction surfaces and the friction coefficient of the
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Table 2
Properties and characteristics of nanoparticles.

Properties Fe2O3 Al2O3

Color Red brown White
Purity 98 99+ %
Specific heat (J/kg·K) 104 880
Density (gr/m3) 5.24 3.89
Structure Spherical Nearly spherical
Dimensions (nm) 20–40 20
Specific surface area (m2/g) 20–60 N138
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nano-lubricants. They reported that at high volumetric fractions, the
friction and wear coefficients were reduced, indicating improvement
in the lubricating characteristics of mineral water due to addition of ful-
lerene (C60) nanoparticles [17]. Eastman et al. assessed the thermal
conductivity coefficient of Al2O3, CuO, and Cu nanoparticles using two
base fluids of water and HE-200 oil. They reported that this coefficient
was increased by 60% at a volumetric fraction of 5% compared to the
base fluid [18]. Beck et al. studied the effect of size of nanoparticles for
two nanofluids of water-alumina and ethylene glycol-alumina. They
varied the size of nanoparticles within the range of 8–282 nm and,
based on their final results, reported that the thermal conductivity of
alumina nanofluid was reduced for average nanoparticle sizes smaller
than 50 nm [19]. Das et al. studied the behavior of water-CuO and
water-Al2O3 nanofluids with respect to changes in temperature. Their
results suggested that thermal conductivity coefficient was increased
with temperature increasing. This effect was also reported to be more
evident at higher volumetric fractions [20]. Harandi et al. examined
the effect of increasing temperature and volumetric fraction on hybrid
nanofluids composed of iron oxide (Fe2O3) nanoparticles, multi-
walled carbon nanotubes, and ethylene glycol as the base fluid within
temperature and volumetric fraction ranges of 25–50 °C and 0–2.3%, re-
spectively. Their results suggested a 30% increase in the conductivity co-
efficient at a temperature of 50 °C and volumetric fraction of 2.3% [21]. A
summary of fundamental information from literature studies is pre-
sented in Table 1.

The coefficient of thermal conductivity of Fe2O3-Al2O3/Engine oil hy-
brid nano-lubricant was investigated for the first time in this study
[44–51]. The engine oil employed was of 10w40 type, which is widely
used in lightweight vehicles. Effort was made to improve the thermal
properties of this oil by adding a mixture of circular-shaped iron oxide
(Fe2O3) and aluminum oxide (Al2O3) nanoparticles with different
sizes. The considered temperature and mass concentration ranges
were 25–65 °C and 0.25–4wt%, respectively. The different nanoparticles
were used in equal amounts (50–50), and the nano-lubricant was pre-
pared through the two-stage method.

2. Preparation of nanofluids

Engine oil 10W40 was used as the base fluid for the nano-lubricant
considered in this study. The nanoparticles included Al2O3with an aver-
age diameter of 20 nm and Fe2O3 with an average diameter of 2–40 nm.
The thermophysical properties of the nanoparticles are given in Table 2.

Moreover, the 10w40 engine oil properties are presented in Table 3.
The employed nanoparticles were manufactured by US Research

Nanomaterials, Inc. SEM and XRD tests were conducted to ensure the
appropriate surface and atomic structures of the nanoparticles. The re-
sults are demonstrated in Fig. 1.

The roughly circular structure of Al2O3 particles and the circular
structure of the Fe2O3 particles are shown in Fig. 1.

The results of XRD test for the nanoparticle samples are presented in
Fig. 2. As indicated, the XRD test provides comprehensive information
on the chemical compound and crystal structure of the substances.
Table 1
A summary of the researches conducted on improvement of thermal conductivity of nano-
lubricants.

Nanoparticle Base fluid Temperature
(°C)

Concentration
(%)

Enhancement
(%)

Ref.

TiO2 Oil 20–50 0.1–1 7.08 [22]
Mg/MWCNT Engine oil 25–60 0.25–2 50 [23]
Cu Oil 40–100 0.2–1 wt% 49 [24]
Mg/MWCNT 10 W40 25–50 0.25–2 wt% 65 [25]
WO3-Ag Transformer oil 40–100 1–4 wt% 41 [26]
MWCNT 20 W50 20 0.1–0.5 wt% 22.7 [27]
Ag Engine oil 40–100 0.36–0.72 wt% 37.1 [28]
CuO 20 W50 25 0.2–6 wt% 8.3 [29]
Oil was used as the base fluid in this study due to its wide range of
applications as coolant and lubricant in industrial systems and engines.
The weights of nanoparticles and the base fluid were calculated from
Eq. (1) and using the material properties given in Tables 1 and 2. The
weights of oil and nanoparticles were measured with an accuracy of
0.001 g using the A&D GF-300 Precision Balance. These weights are pre-
sented in Table 4 for different concentrations. A volume of 50 ml for
each nano-lubricantwas prepared as suggested by the standardmanual
of KD2-Pro device.

wt %ð Þ ¼ mð ÞAl203 þ mð ÞFe2O3

mð ÞAl203 þ mð ÞFe2O3

� 100 ð1Þ

After measuring the weight of the nanofluid and nanoparticles, the
surface temperature of the magnetic stirrer was increased up to 80°C.
During this heating process, the oil viscosity drastically decreased,
which was when the nanoparticles were gradually added to the fluid.
Themagnetic stirrer was then used for 45min tomix the nanoparticles.
After preparing the oil and nanoparticles mixture, the lubricant sample
was exposed to ultrasonic waves for 45 min using an ultrasonic probe
device (UP400ST model manufactured by German-based Hesher com-
pany with a power of 400 W and frequency of 24 kHz) to create long-
term stability for nanoparticles and eliminate their agglomerates. The
employed nanoparticles, base fluid, and nano-lubricant are demon-
strated in Fig. 3.

3. Thermal conductivity measurement

Various methods are available to measure the thermal conductivity
of nanofluids including transient hot-wire method, steady-state
method, temperature oscillation method, and 3-omega method. In this
study, the transient hot-wire method along with the KD2-Pro device
(Decagon devices, Inc., USA) was used to measure the thermal conduc-
tivity of the nanofluid. The KS-1 sensor was also employed for measure-
ment. The Memmert WNB7 water bath was used for temperature
control and to create uniform temperature during the experiment.

4. Results and discussion

4.1. Validation

In order to assess the performance of the measurement system and
the equipment used in this system, the results were verified prior to
measuring the thermal conductivity of nano-lubricant. To validate the
results, the thermal conductivity of pure water was measured and
Table 3
Properties and characteristics of 10w40 engine oil.

Engine oil properties (10w40) Value

Kinematic viscosity (at 100 °C) 14.81 cSt
Viscosity index (VI) 160
Lowest flammability 232 °C
Lowest current temperature −240 °C
Density at °15 °C 873 kg/m3



Fig. 1. SEM image of the nanoparticles used in this study. A: Fe2O3. B: Al2O3.
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compared to the results reported in ASHRAE handbook [30]. The mea-
surement was conducted at the considered temperature range for the
experiment, the results of which are shown in Fig. 4. As indicated, the
performance of the system is acceptable.

4.2. Effect of mass fraction on thermal conductivity

Fig. 5 demonstrates the results of measurement of thermal conduc-
tivity of nanofluid with respect to mass fraction within a temperature
range of 25–65 °C. As shown, the thermal conductivity increases by in-
creasing mass concentration of nanoparticles. Moreover, the thermal
conductivity increases with a greater slope at higher concentrations.
Considering the governing physics of the problem, which states that
thermal conductivity of the nanomaterials is considerably higher than
that of the base fluid, the positive changes in thermal conductivity of
the nanofluid can be attributed to the higher thermal conductivity of
the nanomaterials present in the nano-lubricant. Thermal conductivity
is improved by increasing concentration of the nanomaterials, which
means increasing the number of these particles in the base fluid.

As depicted in Fig. 5, thermal conductivity of the nano-lubricant
with a mass fraction of 0% (base fluid) decreases with temperature
Fig. 2. Results of XRD test applied to th
increasing. Considering the experimental results in this study and
based on the previous studies, these variations are due to the governing
physics of oil properties.
4.3. Effect of mass fraction on thermal conductivity

Variation of thermal conductivity of the nanofluid with respect to
temperature at different volumetric fractions is shown in Fig. 6. As indi-
cated by the results, thermal conductivity is increasedwith temperature
increasing. Thermal conductivity of the added materials, as their intrin-
sic characteristic, is among the factors affecting the improvement of
thermal conductivity of nanofluids as temperature increases. In fact, at
high temperatures, the molecular movement of the fluid as well as
that of the nanoparticles in the base fluid are increased by increasing
temperature. These changes are accompanied by transfer of energy be-
tween nanofluid layers, which accordingly increase the thermal con-
ductivity of nanofluids. Addition of nanoparticles to oil also alters the
behavior of thermal conductivity of the base oil, which inevitably
leads to the increasing trend of thermal conductivity at all concentra-
tions under any temperature conditions.
e nanoparticles. A: Fe2O3. B: Al2O3.



Table 4
Weight ofmaterials based onmass fraction of different samples of hybrid nano-lubricants.

Mass fraction Mass (±0.001) (gr)

Oil 10w40 Fe2O3 Al2O3

0 50 0 0
0.25 49.875 0.0625 0.0625
0.5 49.75 0.125 0.125
1 49.5 0.25 0.25
2 49 0.5 0.5
4 48 1 1
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Fig. 4. Comparison between the experimental results of thermal conductivity of pure
water with those presented in ASHREA handbook.
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4.4. Thermal conductivity ratio

In this section, the ratio of thermal conductivity of nanofluid to that
of base fluid is obtained using Eq. (2).

Thermal conductivity ratio %ð Þ ¼ knf
kbf

ð2Þ

Thermal conductivity ratio of the nano-lubricant is presented in
Fig. 7. As shown, the changes in this ratio are increased with tempera-
ture increasing. At low volumetric fractions, no significant increases
can be observed in thermal conductivity due to low concentration of
nanoparticles present. At higher concentrations, the number of colli-
sions and, consequently, the heat transfer between fluid layers is in-
creased due to presence of more nanoparticles. In this case, the
thermal conductivity of the nano-lubricant experiences a larger increase
compared to that of the base fluid. The thermal conductivity was in-
creased by 33% in the best case scenario in our study.
Fig. 3. A: base fluid(Oil-10W40). B: Nano lubricant. C: Fe2O3 nanoparticles. D: Al2O3

nanoparticles.
4.5. Thermal conductivity correlation

A review of the literature suggests that thermophysical properties of
the nanofluid are directly affected by physical and chemical structures
of the nanofluid, which themselves are affected by different parameters
such as temperature, volumetric fraction, particles size, surface, atomic,
and chemical structure of the nanoparticles, and even the nanofluid
preparation method [31–43]. Since no accurate, appropriate relation
is available for prediction of thermal conductivity of 10w40/Al2O3-
Fe2O4 nano-lubricant, an experimental relation was presented in
this section obtained through the curve fitting method using Sigma
Plot V12. This relation is a function of mass fraction of nanoparticles
and temperature.
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Fig. 5. Effect of mass fraction on thermal conductivity of 10w40/Al2O3-Fe2O4 nano-
lubricant.
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The proposed experimental relation for prediction of thermal con-
ductivity of the considered nanofluid is expressed in Eq. 3.

knf
kbf

¼ 0:113 � 1:011T �wt0:376 þ 0:921 ð3Þ

where k represents thermal conductivity coefficient, T is the nanofluid
temperature in Celsius, andwt is theweight percentage of the nanopar-
ticles. Moreover, indices nf and bf denote nanofluid and base fluid,
respectively.

In order to accurately examine the proposed experimental relation,
Eq. 4 is used to calculate the deviation of the results obtained from the
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Fig. 7. Ratio of thermal conductivity of 10w40/Al2O3-Fe2O4 nano-lubricant to that of base
oil.
proposed relation from the experimental results at all temperatures
and mass fractions.

Deviation margin %ð Þ ¼ kexp−kpred
kexp

� 100 ð4Þ

In this relation, exp. and pred denote experimental values and values
predicted by the proposed relation.

The deviation between the two values is demonstrated in Fig. 8. As
shown, most points are located on or near the bisector, which indicates
the appropriate accuracy of the proposed relation.

Moreover, the largest deviation margin for the thermal conductivity
ratio was 0.68%, which is acceptable for an experimental relation.

The measured results and the output of the proposed model at all
temperatures are presented in the comparison chart in Fig. 9 for further
comparison. These charts present the thermal conductivity ratio of the
nano-lubricant with respect to mass fraction at different temperatures.
5. Conclusion

In this study, the preparation procedure of nano-lubricant Fe2O3-
Al2O3/10w40 was described and its thermal conductivity was investi-
gated subject to a temperature range of 25–65 °C and mass concentra-
tion of 0.25–4%. The results obtained based on the research variables
are as follows:

This nanofluid achieved an acceptable stability given the preparation
procedure which included use of heating processes, magnetic stirring,
and ultrasonic waves.

Thermal conductivity of the nanofluid was significantly increased
due to the effect of addedmass fraction. The highest increase in thermal
conductivity (33%) was achieved at a mass fraction of 4% and a temper-
ature of 65 °C.

Thermal conductivity increased with temperature increasing. The
slope of this increase was greater at higher temperatures, allowing this
nanofluid perform more efficiently in high-temperature applications.

The experimental relation for thermal conductivity was obtained
using curve fitting method. Given its acceptable accuracy, this relation
can be used within the temperature range of the experiment.
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Fig. 9. Comparison between the experimental results and the results of the proposed method at different temperatures.
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