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Abstract This work aims to study thermo-physical properties, including thermal
conductivity, viscosity, viscosity index, and rheology of vegetable oil-based nano-
lubricant. Synthesis of nano-lubricant was done using vegetable seed oil (castor
oil) and copper oxide (CuO) nano-particles using a magnetic stirrer and probe-
type sonicator for breaking agglomerate. The thermal conductivity of samples was
measured using transient hot-wire liquid thermal conductivity meter, and the effect
of nano-particles was analyzed. Viscosity and viscosity index (VI) of the nano-
lubricants thus prepared have been analyzed by Stabinger viscometer. The variation
of viscosity of nano-lubricant with the shear rate was reported using an advanced
air bearing rheometric system. The viscosity variation with respect to shear rate
showed a decreasing trend, whereas the viscosity variation with respect to concen-
tration showed an increasing trend. The results show that it is possible to increase
the stability of samples in terms of viscosity variation with temperature and shear
rate using nano-particles, hence makes it suitable for lubricant applications.
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1 Introduction

The surge in energy consumption and demand for economically restricted-energy
sources have made us move toward efficient use of energy and energy savings [1-3].
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Environmental challenges posed by lubricant use, such as toxicity, have made us
pursue the development of biodegradable and environmentally friendly industrial
fluids [4]. Lubrication is an essential element for any known system involving the
relative motion of parts in contact with each other. Lubricant development for any
mechanical system is known to be a complicated process. It involves some crucial
steps such as selection of base oil (stock), selection of additives to serve individual
needs like corrosion inhibition, oxidation resistance, or extreme pressure lubrication,
etc., and evaluating combination of additives that can work along to serve the needful
along with optimization between performance and cost ending with full-scale test [5].
Environmental degradation and toxicity of mineral and synthetic lubricants reflected
in the near past have stepped-up the need for environmental-friendly lubricant and
industrial oil many-folds. Vegetable oil owing to their biodegradable nature comes
up as a viable alternative. Most of the vegetable oil is an ester-based containing
triglycerides. Triglycerides being more polar over petroleum-oil have high adherence
to the metal surface, but it also has a short-coming of low thermo-oxidation stability
and corrosion inhibition [5]. Study of thermo-physical properties of the lubricants
in development has seen importance in previous works. The effect of concentration
on viscosity for CuO nano-fluid was analyzed as engine oil and reported along with
the tribological study of the same [6]. Effect of temperature and concentration on
rheological property was analyzed as thermo-physical properties for various hybrid
nano-lubricants out of MWCNTY/SiO, in SAE 40 oil and reported, and an empirical
relation was also established for proper rheological study different form normal
relations [7]. Work has also been executed on the study of rheological properties
experimentally and then the development of the model on neural networks and its
sensitivity analysis for validation of the same [8]. Carbon nanostructures have been a
center of attraction for nano-scientist in their works and proceedings; the rheological
study was also done using graphene solute in organic media glycerol followed by
characterizations and rheological studies revealing the shear function of nano-fluid
being a function of mass function and temperature [9].

Thermal conductivity enhancement of engine oil using SAE50 motor oil and ZnO
nano-oxide was reported by the preparation and characterization of nano-lubricant
and then thermal conductivity measurement using KD2 pro thermal analyzer device
over a temperature range of 25-55 °C, and finally a correlation for results were devel-
oped [10]. An experimental study to reveal the effect of MWCNT on thermal prop-
erties like viscosity, flash-point, and thermal conductivity as a parameter affecting
the quality application of engine oil was presented in earlier works [11]. CuO micro-
particle suspension stability was analyzed by FTIR and thermal stability by the TGA
method; the suspension was made in API GL-5 gear oil with the purpose of enhance-
ment of thermal and physical properties. DSC thermographs were used to study the
thermal effects, and enthalpy interaction prediction for the sample micro-suspension
was done and presented [12].

There have been limited studies presented over the enhancement of bio-stocks
as industrial fluids. Thus, the presented study highlights the investigation of various
thermo-physical properties of a vegetable seed oil-based nano-lubricant. Castor oil
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Table 1 Sample nomenclature

Sample Designation Detail

Plain oil PO Plain oil without additive

Nano-lubricant (0.05%) No.05 Plain oil with 0.05 wt% additive concentration
Nano-lubricant (0.10%) No.10 Plain oil with 0.10 wt% additive concentration

is selected as base stock, and CuO nano-particles were dispersed by mixing and soni-
cation processes to form a stable particle-oil suspension. Viscosity and its variation
with the temperature being the most crucial property of concern for the base stock
(principal constituent for any lubricant) as it is the last line of defense for lubricant is
reported for different concentrations along with a temperature range of 20-100 °C.
Also, a variation of viscosity w.r.t shear rate being other important properties for
industrial fluids was also studied using an advance air bearing rheological setup over
a shear strain range of 0—40 s~! at 40 °C. Finally, the thermal conductivity of the
lubricant samples crucial for heat conduction, which in turn affects the viscosity of
lubricant was studied to understand the effect of metal oxide nano-particle additive.

2 Materials and Methods

2.1 Sample Preparation

Samples of nano-lubricant were prepared by adding dehydrated CuO nano-particles
(40-70 nm in size) in castor oil. The details of the samples are presented in Table
1. Nano-particles have been mixed by stirring over magnetic stirrer at 500 rpm for
3 h, followed by ultra-sonication using probe-type sonicator (ultrasonic processor;
piezo-U-sonic) for 1 h. Obtained samples have been kept under inspection for 2 h to
observe stability following which no sedimentation was observed.

2.2 Viscosity and Viscosity Index

Lubricants serve an essential purpose of frictional loss optimization and minimization
of wear of component applied to cooling or heat dissipation and contaminant suspen-
sion [13]. The evaluation of oil viscosity is a critical parameter for both fresh and
used oil (condition monitoring). For every particular application, there is a prescribed
ASTM standard. For condition monitoring, change in viscosity can reveal important
conclusions about oil, such as oxidation of base stock, build-up, shear breakdown of
additives or dilution.[14]. Viscosity index is a measure of variation of viscosity with
the temperature.
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Fig. 1 Photographic view of
Stabinger viscometer

A higher VI value signifies that the fluid undergoes a lower change in viscosity
when subjected to different temperatures [15]. Viscosity and viscosity index of
samples have been measured using Stabinger viscometer (SVM 3000; Anton Paar),
the photographic view of viscometer is shown in Fig. 1. A sample of 2 ml is taken
for the measurement of viscosity at a pre-fixed temperature. In this work, viscosity
was measured at an increment of 10 °C in the range of 20-100 °C.

2.3 Rheology

Industrial fluid often undergoes a situation where it faces a variety of shear zone in the
same machinery, as in the case of rotating machines like compressors, transmission
fluids, and gear oils. The same oil passes over different shear zones; hence, the
evaluation of the shear response of lubricant is essential; in rheology, the lubricant
is subjected to shear strain rate and variation of viscosity is observed which tell us
about the shear response of oil. This test helps predict shear thinning and thickening
of the oil, which can disrupt the desired lubrication system. Advanced air bearing
rheometer (Bohlin Gemini 2; Malvern Instruments, UK) was used in this study for
measurement of viscosity within shear strain rate range: 0—40 s~! at a temperature of
40 °C which is depicted in Fig. 2. Rheometer works on air pressure generated from
an attached compressor at 6 bars. A cup and bowl arrangement is used to generate
the shear rate, and the gap between the cup and bowl is maintained at 150.

2.4 Thermal Conductivity

Industrial fluids (Iubricants) not only reduces friction and wear but are also needs to be
efficient in heat transfer as in the case of engine oil, for this purpose, thermal conduc-
tivity is a very crucial property to be measured as it directly affects the efficiency
of heat transfer. Thermal conductivity is also a crucial parameter of performance
and design [16]. Thermal conductivity also affects the samples viscosity indirectly
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Fig. 2 Advance air bearing
rheological system

as it controls the heat transfer capacity of lubricant. The thermal conductivity of
the samples has been measured using transient hot-wire liquid thermal conductivity
meter (THW-L2; thermotest thermo-physical instruments). Thermal conductivity
meters measure the thermal conductivity value by the technique outlined in (ASTM
D7896-14) [17]. A sample of 20 ml in isothermal condition has been taken in a slit-
cylindrical container at 20 °C, and then the hot-wire sensor was immersed into it to
measure the thermal conductivity at set temperature. Thermal conductivity meter is
shown in Fig. 3

Fig. 3 Transient hot-wire
thermal conductivity meter
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3 Results and Discussion

3.1 Viscosity

Variation of viscosity w.r.t change in temperature is depicted in Figs. 4 and 5. The
viscosity of the nano-lubricant decreases with an increase in temperature, as is the
case of the base oil. The decrease in viscosity of the fluid with temperature can
be attributed to the weakling of the intermolecular forces due to temperature. It
was also seen that the viscosity slightly increase with the increase in concentration.
The increase in viscosity can be attributed to nano-particle between the fluid layer of
lubricants, causing ease in movement of fluid layer decreasing resistance to flow, i.e.,
viscosity but as concentration increases agglomeration of a particle causes formation
asymmetric and larger particles, thereby hindering the ease of flow thus increasing
the viscosity [6].
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Fig. 4 Variation of dynamic viscosity (m Pa s) versus temperature
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Fig. 5 Variation of kinematic viscosity (mm?/s) versus temperature
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Table 2 Viscosity index of Sample V1
samples
PO 85.8
NO.05 86.6
No.10 872

The VI of the sample has been reported in Table 2. It can be seen that the VI of
the samples increase with the increase in concentration this is due to the fact that
the thermal conductivity increases with concentration enhancing the heat transfer
efficiency, thereby a lesser change in viscosity can be seen at higher concentration,
and thereby a high VI is obtained.

3.2 Rheology

The variation of viscosity with shear rate is shown in Fig. 6. It can be observed that the
oil sample undergoes a shear thinning at a higher shear rate, and viscosity decreases
with a decrease in concentration. The same trend is observed for all samples. The
reason of shear thinning at a higher shear rate is due to the introduction of high shear
and the particle aggregates are broken in much smaller size, thereby enhancing the
symmetry of particle and these smaller aggregates being present between oil layers
enhance the ease of flow, and thereby causes a reduction in the viscosity of sample
[18]. It can also be deduced from the curve that at all shear rates, the viscosity
increases with the increase in the concentration of nano-particle, i.e., the volume
fraction of the suspension, which is in accordance with the conventional Einstein
model for infinitely dilute suspension of the non-interacting hard sphere [19].
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Fig. 6 Variation of viscosity (Pa s) versus shear rate at 40 °C
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Fig. 7 Variation of thermal == Thermal conductivity(W/mK)
conductivity with Poly. (Thermal conductivity(W/mK))

concentration of 0.183 -

nano-lubricants y = 0.0005x2 + 0.0005x + 0.176
0.182 4 R2=1

0.181 -

0.179 -
0.178 4
0.177
0.176 -
0.175 4
0.174

Thermal Conductivity (W/mK)

Plain oil NO.05 NO.10

3.3 Thermal Conductivity

Variation of thermal conductivity can be seen with respect to concentration at a
constant temperature of 20 °C for the castor oil-based nano-lubricants. Clearly, the
enhancement of thermal conductivity can be seen above in Fig. 7. The variation of
thermal conductivity was increasing in nature and found to be nonlinear w.r.t increase
in concentration.

The presence of metal oxide nano-particles causes an increment in the surface
interface for heat exchange inside the fluid, thereby increasing fluid-particle interfa-
cial heat exchange, and thus an increment in heat transfer properties can be observed
[20]. Enhancement of 2.82% in thermal conductivity was obtained by the suspension
of copper metal oxide nano-particle in base stock over plain base oil.

4 Conclusions

Viscosity decreases with temperature, and the same trend has been seen for all the
samples. It was observed that both the kinematic and dynamic viscosity decreased
as temperature increases at a particular concentration of nano-lubricants and plain
oil samples. It has also been seen that the viscosity across the sample is observed to
be increasing with concentration, i.e., the viscosity has a direct proportionality with
the volume fraction, which is in accordance with the theoretical Einstein model. The
result shows that viscosity with shear rate is decreasing, i.e., the nano-lubricant is
found to be shear thinning in experimental behavior. The nano-particle owing to
its geometry was expected to create an ease of flow and decrease the viscosity of
the sample at a higher shear rate, which would cause the breakdown of aggregates.
A nonlinear increment in thermal conductivity can be observed w.r.t concentration
in the case of nano-lubricants due to the enhancement of fluid-particle interfacial
heat exchange. The obtained results show that the thermo-physical properties of
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vegetable oil can be enhanced with the addition of nano-particles. This shows that
the nano-lubricant has the potential to replace mineral oil for lubrication applications.
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