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Nanolubricant is prepared by dispersing SiO2 nanoparticles into synthetic refrigerant compressor oil,
polyalkylene glycol (PAG) using two-step method. Thermal conductivity and rheological properties of
nanolubricant at various volume fractions (0.07 to 0.6vol %) in the temperature range 20 °C to 90 °C have been
investigated. The results show that as the volume fraction increases thermal conductivity and viscosity increase.
Conversely, the thermal conductivity and viscosity are found to be decreasing with increase in temperature. The
highest thermal conductivity and viscosity of the nanolubricant(volume fraction 0.6%) are 1.31 and 10.34 times
greater than that of pure lubricant. Themeasured thermal conductivity and viscosity are comparedwith that ob-
tained from classical models and the classical models fail to predict these properties accurately. The non-
newtonian shear thinning behaviour of SiO2-PAG nanolubricant was confirmed by computing power law and
consistency indices. At higher particle concentrations and lower temperatures, nanolubricant shows thixotropic
behaviour.
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1. Introduction

The enhancement of thermal conductivity of fluids by the dispersion
and stabilization of solid particles was established byMaxwell [1] more
than a century ago. The nanofluids are proposed as the next generation
heat transfer media due to the fact that their thermal transport proper-
ties are significantly higher than those of the base liquids [2].
Nanolubricant is a new class of lubricant produced by dispersing
nano-sized particles of metals, metal oxides, carbon and its allotropes
into conventional lubricating oils. Dispersion of nanoparticles into
base oils is a promising approach towards enhancing the thermal, rheo-
logical and tribological properties. The viscosity and rheological charac-
teristics are probably more crucial parameters to be measured and
analyzed along with thermal conductivity. Few studies are reported in
the literature regarding the thermophysical and rheological characteris-
tics of nanolubricants. According to the investigations that have been
conducted, the presence of nanoparticles in oils may enhance their lu-
bricating properties compared to the base fluid; this would, in turn, re-
sult in an increase in the durability of the components [3–6].Thermal
conductivity and viscosity are the thermophysical characteristics of
nanofluids that have been studied by many investigators and shown
that the thermal conductivity increaseswith increase in volume fraction
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and temperature [7,8]. Viscosity plays an important role in the rheolog-
ical behavior of fluids [9–11]. Temperature, nanoparticles loading and
particle size can affect viscosity, thus rheological behaviour of a
nanofluid. Viscosity of nanofluids increases with increase in volume
fraction and particle size and a reverse trend is observed with increase
in temperature [12–14]. Rheological behaviour of nanofluids is quite
different from each other and a specific behaviour cannot be established
for all nanofluids. Viscosity of Ag-heat transfer oil was studied by
Aberoumand et al. [15], and their results indicated that the base fluid
which exhibits Newtonian behaviour changes in to non-Newtonian
while adding even small amounts of nanoparticles. Recently researchers
used hybrid nano-additives to coolants and lubricants with an aim to
enhance its thermo physical and heat transfer capabilities and pre-
sented optimistic results [16–19]. In refrigeration systemswhen the re-
frigerant is circulated through the compressor it carries traces of
nanolubricant so that the other parts of the system will have a
nanolubricant-refrigerant mixture. Addition of nanoparticles in refrig-
eration systems results in remarkable improvement in thermophysical,
and heat transfer capabilities which in turn enhances the efficiency and
reliability. Kedzierski [20–21] shown that lubricant viscosity signifi-
cantly influences the boiling characteristics of refrigerant/lubricantmix-
tures. There are also some studies in the literature reporting the
performance improvement of refrigeration systems that use
nanolubricants [22,23]. Studies show that addition of Al2O3 in compres-
sor oil increases the freezing capacity and COP. Wang et al. [24] showed
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Fig. 1. SEM image of dry SiO2 nanoparticles.

Nomenclature

English symbols
m mass of nanoparticles[g]
k thermal conductivity[W/mK]
T temperature [0C]
Cp specific heat [kJ/kgK]

Greek symbols
β ratio of nanolayer thickness to original radius
φ volume fraction [%]
μ dynamic viscosity[cP]
ρ density[kg/m3]
τ shear stress(dyne/cm)
γ shear rate(1/s)

Subscripts
bf base fluid
eff effective
p particle

Abbreviations
COP coefficient of performance
PAG polyalkylene glycol
TEM transmission electron microscope
SEM scanning electron microscope
EER energy efficiency ratio
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that the Energy Efficiency Ratio(EER) of residential air conditioners can
be increased by 6% if the polyolester oil is replaced with NiFe2O4

nanolubricant. In another study, Krishna Sabareesh et al. [25] explored
the effect of dispersing low concentration of TiO2 nanoparticles in the
mineral oil based lubricant. They investigated the effect of nanoparticles
on viscosity, lubrication qualities, and the performance of refrigeration
systems utilizing R12 (Dichlorodifluoromethane) as the working fluid
and reported that average heat transfer increases by 3.6%, compressor
work reduces y 11% and consequently COP increases in by17%.

Few studies are available in the literature regarding polyalkylene
glycol based nanolubricants. Sharif et al. conducted performance studies
on an automotive air-conditioning systemwith SiO2-PAG nanolubricant
and reported overall performance improvement [26]. Liu et al. experi-
mentally determined the effect of particle size on the tribological prop-
erties of polyalkylene glycol [27]. A comparative study on the thermal
conductivity and viscosity of Al2O3 and SiO2 based nanolubricants was
conducted by Redhwan et al. [28], but detailed rheological characteris-
tics have not been reported in their studies.

Regardless of the fact, the thermophysical properties of
nanolubricants arewidely investigated by various researchers; property
data related to PAG oil based nanolubricants is scarce. In addition to
thermophysical properties, the rheological characterization of
nanolubricants can provide valuable insight for practical applications.
The present study deals with experimental investigations on the ther-
mal conductivity and rheology of Polyalkylene glycol oil suspended
with SiO2 nanoparticles. The effects of particle concentration and tem-
perature on the thermophysical properties were investigated. The ef-
fects of temperature, volume fraction and shear rate were studied to
elucidate the rheological behaviour of the nanolubricant. The time de-
pendent viscosity at various temperatures and shear rates has also
been examined.
2. Experimental method

2.1. Materials and characterization

SiO2 nanoparticles(purity: 99.8%) spherical in shape supplied by
SigmaAldrich Limited, USAwith the size of 10-20 nm,molecularweight
60.08 g/mol, boiling point 2230 °C and density 2.6 g/cm3 were used for
the preparation of nanolubricant. The commercially available, fully syn-
thetic, oil based on Polyalkylene Glycol (PAG) with a nominal liquid dy-
namic viscosity of 30–40 cP at 40 °C, was used as the base fluid. PAG
lubricants have better tribological performance than mineral oils
when used together with HFCs. Scanning Electron Microscopy (SEM)
and Transmission electron Microscopy (TEM) were employed for the
morphological characterization of SiO2 nanoparticles and nanolubricant
respectively.

Fig. 1 shows the SEM image of dry SiO2 nanoparticles as supplied by
themanufacturer and it displays the distribution and shape of the nano-
particles. The particles are spherical in shape. It can be seen that the par-
ticles are in the form of agglomerates. These agglomerates have to be
broken during the preparation of nanolubricant to produce a stable sus-
pension. It can be accomplished through magnetic and ultrasonic
agitation.

2.2. Preparation of Nanolubricant

Preparation of nanolubricant is the primary step in the experimental
studies. Nanofluids are not mere solid to fluid suspensions. In order to
achieve even, stable anddurable suspensionwithnegligible aggregation
of particles, special processes are necessary. Samples examined in these
studies were prepared by the two-stepmethod and no surfactants were
added. Nanolubricants were prepared at five different particle concen-
trations (0.07, 0.09, 0.2, 0.4 and 0.6 vol%). The requiredmass of nanopar-
ticles corresponding to the volume fractions was calculated (Eq. 1) and
weighed using a high precision electronic balance.

Φ ¼
m=ρ

� �
SiO2

m=ρ

� �
SiO2

þ m=ρ

� �
PAG

ð1Þ

The preliminarymixing process of sampleswas carried out using the
magnetic stirrer for 1 h and then agitated using ultrasonic agitator
(BRANSON-3800) at a frequency of 40 kHz intermittently for 12 h
with sufficient cool-off period in a controlled atmosphere (25-33 °C)



Fig. 2. TEM images of SiO2 suspension (0.6vol %).

Fig. 3. Samples of SiO2/PAG nanolubricant at different volume fractions.

Table 1
Thermal conductivity models.

Model Correlation

Maxwell [1] keff
kbf

¼ ½kpþ2kbf þ2ðkp−kbf Þφ
kpþ2kbf −ðkp−kbf Þφ �

Hamilton and Crosser [31] keff
kbf

¼ kpþðn−1Þkbf −ðn−1Þφðkbf −kpÞ
kpþðn−1Þkbf þφðkbf −kpÞ

Timofeeva et al. [32] keff
kbf

¼ ½1þ 3φ�
You and Choi [33] keff

kbf
¼ ½kpþ2kbf þ2ðkp−kbf Þð1þβÞ3φ

kpþ2kbf −ðkp−kbf Þð1þβÞ3φ �
Redhwanet al [28]. keff

kbf
¼ 1:2ð1þ φ

100Þ
0:04ð1þ T−273:15

80 Þ−0:01
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to homogenize the samples. No evidence of sedimentation or coagula-
tion was noticed after 120 h of preparation.

Fig. 2 shows the TEM images of the prepared nanolubricant. Accord-
ing to TEM images, the suspension is homogeneous and nanoparticles
arewell dispersed. The nanoparticles have almost similar characteristics
such as physical appearance, shape and size in the suspension also. The
average size of nanoparticle was found to be 14.26 nm.

Fig. 3 illustrates the SiO2-PAGnanolubricant samples at different vol-
ume fractions. in.

2.3. Measurement of thermal conductivity

The thermal conductivity of base lubricant and SiO2/PAG
nanolubricant at different volume fractions were measured with KD2
Pro thermal property analyzer (Decagon devices, Inc., USA). Thermal
conductivity in the range of 0.02 to 2.00 W/mK with an accuracy of ±
0.001 could be measured by this device. The principle of operation of
the device is transient hot wire and the maximum deviation is ±5.0%.
The probe of this instrument consists of a needlewith a heater and tem-
perature sensor inside. Electric current is supplied through the heater
and the temperature of the probe is measured over time. Since the tran-
sient hot-wire measurement lasts for only a few seconds, the problems
related to convection is been eliminated. The apparatus meets the stan-
dards of both ASTMD5334-14 [29] and IEEE 442 – 1981 [30]. A refriger-
ated and heating circulator (F-25, Julabo, Germany) was used to
maintain a constant temperature of the sample with an accuracy of
0.01 °C. The thermal conductivity of SiO2/PAG oil nanolubricant at five
different particle volume concentrations (0.07 to 0.6vol %) was mea-
sured in the temperature range of 20 °C to 500C. The thermal property
analyzer was calibrated with verification standard fluid (Glycerine,
CAS 56-81-5) at a controlled temperature of 28 °C and at atmospheric
pressure. The measurement of thermal conductivity was performed re-
peatedly. Based on deviation between thermal conductivity of the stan-
dard fluid and the measured thermal conductivity during the
calibration, the error inmeasurement is estimated and the thermal con-
ductivity data reported in the study represents an average of ten mea-
surements with an estimated error of ±1.6%. The experimental results
were compared with that obtained from models given in Table.1.



Table 2
Viscosity models.

Models Correlations

Einstein [35] μeff

μbf
¼ ð1þ 2:5φÞ

Brinkman [36] μeff

μbf
¼ 1

ð1−φÞ2:5

Pak and Cho [37] μeff

μbf
¼ 1þ 39:11φþ 533:9φ2

Wang et al. [38] μeff

μbf
¼ 123φ2 þ 7:3φþ 1

Fig. 5. Thermal conductivity ratio of SiO2 –PAG nanolubricant with volume fractions at
different temperatures.
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2.4. Measurement of rheological properties

The rheological behaviour of the nanolubricant has been investi-
gated experimentally covering a temperature range of 20-90 °C, shear
rates range of 3.75–450/s and particle concentrations range of
0.07–0.6%. A Brookfield LVDV-II + Pro, plate-and-cone rheometer hav-
ing measurement range between 1.0 and 2000 cP together with a con-
stant temperature circulator (JULABO F-25, Germany) was used for
the measurements. The method of measuring follows ASTM
D2196–10 [34]which is the standard testmethods for rheological prop-
erties of materials by the rotational (Brookfield type) viscometer. The
torque required to turn the spindle of the rheometer in a fluid is a mea-
sure viscosity of the fluid. Torque is applied through a calibrated spring
to the spindle immersed in test fluid and the spring deflectionmeasures
the viscous drag of the fluid against the spindle. The amount of viscous
drag is proportional to the amount of torque required to rotate the spin-
dle. Rheocalc software was used to acquire the data. The spindle (CPA
-40Z, cone angle 0.80 and cone radius 2.4 cm) used for this study was
calibrated with Brookfield viscosity standard fluid. The quantity of sam-
ple required for the measurement is 0.5 ml. The maximum uncertainty
was found to be 1.9%. All the measurements were performed under
steady-state conditions within torque range of 10–100%.

2.4.1. The power law model
Ostwald-De Waele model is the most generalized model for non-

Newtonian fluids. Ostwald–De Waele power law model (Eq. (2)) was
used to quantify the behaviour of nanolubricant, i.e., whether it comes
under Newtonian or non-Newtonian fluid.

τ ¼ mγn ð2Þ
Fig. 4. Variation of thermal conductivity of SiO2-PAG nanolubricant with volume fractions
at different temperatures.
The Power Law model is described by two parameters, consistency
coefficient (m) and flow behavior index (n). Consistency index is a
product's viscosity at one reciprocal second and flow behaviour index
indicates the degree with which a material exhibits non-Newtonian
flowbehaviour. The viscosity of thefluidswhich followpower law is de-
fined by the following equation:

μ ¼ mγn−1 ð3Þ

Fluids which obey power-law models are classified into shear-
thinning and shear-thickening under increasing shear rates. If the mag-
nitude of n b 1, the fluid is known as shear-thinning or pseudoplastic.
This means that the apparent viscosity decreases with increase in
shear rate.When n N 1, it is shear-thickening or dilatant, i.e. their appar-
ent viscosity increases as shear rate increases. In order to obtain these
indices, a logarithmic diagram of shear stress vs shear rate has been
drawn and the indices were calculated by the following equation.

Ln τð Þ ¼ Ln mð Þ þ nLn γð Þ ð4Þ
Fig. 6. Comparison between experimental thermal conductivity and model predictions at
room temperature(30 °C).
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The viscosities obtained from experimentswere comparedwith that
calculated using correlations. The models considered were depicted in
Table.2.

2.4.2. Thixotropic effect
A fluid whose viscosity decreases with time under constant shear

rate is called thixotropic fluid. The Brookfield rheometer with a
Fig. 7. Variation of viscosity of SiO2-PAG nanolubricant with volume fractions at different
shear rates at (a) Temperature= 20 °C, (b) Temperature = 40 °C, (c) Temperature = 80
°C.
calibrated spindle, CPA-40Z has been utilized to study the thixotropic
behavior of the nanolubricant under constant shear rate. The viscometer
is set at a constant shear rate/speed and monitored the viscosity of the
samples continuously over a period of 500 s. The volume of sample is
0.5 ml. The temperature is kept constant with help of a refrigerated cir-
culator. Studies were conducted with lowest (0.07%) and highest (0.6%)
particle concentrations. To study the impact of shear rate on the thixo-
tropic behavior of the nanolubricant, it is varied from 3.75/s to 75/s.
Fig. 8.Viscosity ratio variationswith volume fraction at different temperatures at (a) Shear
rate = 3.75/s, (b) Shear rate = 37.5/s(c) Shear rate = 90/s.
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3. Results and discussion

3.1. Thermal conductivity

The thermal conductivity of SiO2/PAG nanolubricant was measured
covering a temperature range 20-50 °C and volume fractions of 0.07,
0.09, 0.2, 0.4 and 0.6 vol%.

Figs. 4 and 5 show the thermal conductivity and thermal conductiv-
ity ratio (keff/kbf) respectively as a function of volume fraction at differ-
ent temperatures. The thermal conductivity of nanolubricant increases
with increase in particle concentration. The maximum enhancement
in thermal conductivity ratio obtained was 1.31 at a volume fraction of
0.6% and temperature 20 °C. There are many potential factors responsi-
ble for the anomalous enhancement in thermal conductivity of
nanofluids: (i) The Brownian motion effect of nanoparticles in the
base fluid is a vital factor for the observed enhancement. The heat is car-
ried by phonons by propagating lattice vibrations in the crystalline
solids suspended in fluids. Such phonons are propagating in a random
direction. Some ballistic phonon effects could possibly lead to an in-
crease in thermal conductivity. If the ballistic phonons initiated in one
particle can reach a nearby particle [39]. The particles may be closer
enough due to the increase of particle concentration, and thus enhance
coherent phonon heat flow among particles due to Brownian motion;
eventually the thermal conductivity becomes a function of nanoparti-
cles concentration.(ii)molecular layering of the liquid: Existence of a
Fig. 9. Temperature dependent viscosity variation at different particle concentrations at
(a) Shear rate = 3.75/s, (b) Shear rate = 37.5/s,
nano-layer at the solid-liquid interface and nanoparticle aggregation
may constitute major contributing mechanisms for thermal conductiv-
ity enhancement in nanofluids. The liquid molecules close to particle
surfaces are known to form layered structures and behave much like a
solid and which will act as a thermal bridge between the fluid and
solid particles. (iii) the increased thermal conductivity of suspended
solid particles.

It can also be seen that there is a strong temperature-dependent var-
iation in thermal conductivity at various particle concentrations. At all
particle concentrations, thermal conductivity of pure lubricant and
SiO2-PAG nanolubricant decreases with increase in temperature. This
phenomenon can be attributed to the following factors: (i) at elevated
temperatures, the liquid molecules move away from each other, and
hence the mean free path between them increases. This reduces the
probability of collision between themolecules andwhich eventually de-
creases the thermal conductivity [26]. (ii)At higher temperatures the
separation distance between the particles increases and consequently
the near-field radiation (i.e., Coulomb interaction) deteriorates and
which in turn reduces thermal conductivity [40].

The experimental results of thermal conductivity were compared
with the results obtained from different models and the same is
shown in Fig. 6. The model proposed by Redhwan et al. [28] for
SiO2based nanolubricant over predicts the thermal conductivity, espe-
cially at lower particle concentrations. The classical models
underpredict the thermal conductivity at all volume fractions. They
have been developed for thermal conductivity of nanoparticle-
suspended in low viscous fluids like water, ethylene glycol fluids,
which considered only thermal conductivities of the base fluid, nano-
particles and particle volume fraction.

3.2. Rheological characteristics of Nanolubricant

Viscosity of pure PAG oil and SiO2/PAG nanolubricant at different
volume fractions (0.07, 0.09, 0.2, 0.4and 0.6 vol%), shear rate (3.75 to
450/s) and temperatures (20 to 90 °C) weremeasured. In order to eval-
uate the rheological behavior, Ostwald–deWaele power lawmodel was
used.

3.2.1. Effect of particle concentration on viscosity of SiO2-PAG
Nanolubricant

Fig. 7 shows the variation of viscosity with volume fraction at differ-
ent temperatures and shear rates.

It is clear that shear rate and volume fraction play a vital role in the
viscosity of nanolubricant. As the volume fraction increases, the
Fig. 10. Viscosity variations of Pure-PAG oil with shear rates at different temperatures.
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viscosity of nanolubricant also increases and at lower shear rates and
temperatures, there is a substantial increase in viscosity with volume
fraction. The highest viscosity obtained was 237 cP and it happens at a
volume fraction of 0.6% and a shear rate of 3.75/s. Viscosity is a property
occurring due to the internal frictional force that develops between dif-
ferent layers of fluids as they move relative to each other. The
Fig. 11. Variations of viscosity with shear rates at different temperatures, at (a) Volume fraction
0.4%, (e) Volume fraction = 0.6%.
suspended nanoparticles in the PAG oil would raise its viscosity as a re-
sult of the collisions between nanoparticles and the base fluid. By inten-
sifying the amount of solid nanoparticles in a fixed volume of a liquid,
greater nano-racemes arise due to Van der Waals forces. In other
words, as the concentration of nanoparticle increases, the particles
make agglomerations within the suspension. This consequently results
=0.07%, (b) Volume fraction= 0.09%, (c) Volume fraction=0.2%, (d) Volume fraction=



Fig. 12. Logarithmic diagram of shear stress-shear rate of pure PAG oil at different
temperatures.
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in the increase of internal shear stress in nanolubricant and hence an in-
crease in viscosity.

Fig. 8 shows the variation of viscosity ratio (μeff/μbf) with volume
fraction and temperature at three different shear rates. The viscosity
ratio increases with increase in temperature and this is because of the
fact that, the rate of decrease of viscosity of the pure lubricant is higher
than that of nanolubricant, in other words, the nanolubricant sustains
adequate viscosity than pure lubricant at elevated temperatures. An
abrupt increase in relative viscosity at higher volume fractions and at
lower shear rates also been manifested. The maximum viscosity ratio
is found as 10.34,which is obtained at a lower shear rate of 3.75/s at vol-
ume fraction of 0.6%. The reason for this anomalous increase in relative
viscosity may be related to the fact that at higher volume fraction the
nanoparticle clustering is more and the applied lowers hear rate
(3.75/s) is not sufficient enough to break the nano-clusters. As the
shear rate increases, the relative viscosity is found to be decreasing.
The maximum viscosity ratio observed at a higher shear rate of 90/s is
2.32. From this it is clear that SiO2-PAG nanolubricant is more appropri-
ate to use at moderate temperature range and shear rates.

3.2.2. Effect of temperature on viscosity
For the understanding of viscosity variation with temperature, the

dynamic viscosity versus temperature at different volume fractions is
plotted in Fig. 9. The results reveal that irrespective of the shear rate,
the viscosities of the pure lubricant and nanolubricant diminishwith in-
crease in temperature. The reasons behind this phenomenon can be ex-
plained as follows: At lower temperatures, the nano-racemes hinder the
motion of lubricating oil layers on each other.

Increasing the temperature helps the particles to overcome Van der
Waals attractive forces andwhichmaydisintegrate the clusters of nano-
particles suspended in base fluid and hence the intermolecular interac-
tions between the molecules becomeweak and this phenomenon leads
to decrease in viscosity. Specifically, due to temperature rise, the
Brownian motion will be enhanced which may cause increase in chaos
and this will decrease the viscosity of nanolubricant.

3.2.3. Rheological behaviour of base lubricant and nanolubricant
In order to study the rheological behaviour of pure lubricant and

nanolubricant, the relation between viscosity and shear rate at different
temperatures are plotted. The rheological studies were performed over
the range of shear rate from 3.75 to 450/s covering the temperature
range from 20 °C−90 °C. Fig.10 shows the variation of viscosity with
shear rate for pure lubricant. As expected, pure lubricant exhibits New-
tonian behaviour within the shear rate range considered.

The viscosity of the nanolubricant samples was measured over the
same range of shear rate. Fig. 11 shows the effects of shear rate and tem-
perature on apparent viscosity. The apparent viscosity of nanolubricant
decreases with shear rate increment regardless of temperature and
solid volume fraction. The results illustrate that at low concentrations
(0.07% and 0.09%) change in viscosity with increase in shear rate is
small. However, at higher concentrations, a considerable decrease in
the viscosity of the samples with shear rate is noticed. That is viscosity
of high concentration samples is more dependent on shear rate, conse-
quently displays non-Newtonian behaviour.

The alterations in the structure and arrangement of intermingling
particles can be connected to shear thinning behaviour of well-
dispersed suspensions. Shearing may cause the particles to orient in
the direction of flow and its gradient. This can disrupt the agglomerates
in the suspension and hence reduce the amount of fluid immobilized by
the nanoparticles. The interaction forces may then decrease and which
in turn lowers the flow resistance and the apparent viscosity. The vis-
cosity decreases exponentially at lower shear rates. i.e. the
nanolubricant exhibit Non-Newtonian behaviour with significant
shear thinning characteristics. The shear viscosity of the nanolubricant
predominantly decreases for a shear rate lower than 100/s. Over this
shear rate value, the apparent shear viscosity tends to a Newtonian
plateau.

Figs. 12 and 13 show the logarithmic diagramof shear stress vs shear
rate of pure lubricant and nanolubricant respectively. The volume frac-
tion is varied from 0.07 to 0.6%. The curves are fitted with R-squared
value higher than 0.99. Here, n and m are the power law and consis-
tency indices respectively. From figures, it is clear that, regardless of
temperature and volume fraction,SiO2-PAG nanolubricant behaves as
a non-Newtonian fluid. However, the high concentration samples fol-
low the power law model expressed in Eq. (2) with a power law
index much less than unity (n b b 1). Meanwhile, the pure PAG oil be-
haves like Newtonian fluid with power-law index n ≈ 1 at all
temperatures.

Fig. 14 depicts the variation of power-law indexwith particle dosing
level and temperature. According to power law index, shear thinning is
confirmed for nanolubricant at all temperatures and particle concentra-
tions and significant shear thinning behavior is manifested at volume
fractions beyond 0.2%.

Maximum shear thinning (n b b1) is recorded for a volume fraction
0.6%. That is the addition of more nanoparticles results in non-
Newtonian behaviour. The possible reasons for the this change can be
attributed to; the addition of nanoparticles to the host lubricant alters
the structure of the base oil. The nanoparticles act as the interfaces be-
tween the oil layers and interconnect them. Since there is difference in
Brownian nature of nanoparticles and based fluid particles, themolecu-
lar links were broken and tends to initiate new molecular links [41]. If
the particle concentration increases the phenomenon of breaking and
formation of new links become vigorous and consequentlyfluid exhibits
substantial shear thinning.

The balance of acting forces (Brownian motion, viscous resistance,
intermolecular Van-der-Waals interaction, and electrostatic interac-
tions) between ions and dipoles of thenanoparticles and thefluid deter-
mines whether the particles to move independently (well-dispersed
suspensions) or to move together (agglomerated suspensions) [42]. At
higher concentrations, increased nanoparticle agglomerates restrict
the fluid flow and as the shear rate increases, de-agglomeration hap-
pens and consequently, a dramatic viscosity reduction and non-
Newtonian shear-dependent behavior occurs.

Consistency index is the viscosity of a fluid per shear rate. It gives a
clear picture of the viscosity of a fluid quantitatively. As the consistency
factor increases, the fluid becomes more viscous. It can be seen from
Fig. 15, the consistency index of nanolubricant is influenced by both
temperature and the particle concentration. The consistency index of



Fig. 13. Logarithmic diagram of shear stress-shear rate at different temperatures, at (a) volume fraction = 0.07%, (b) volume fraction = 0.09%, (c) volume fraction = 0.2%, (d) volume
fraction = 0.4%, (e) volume fraction = 0.6%.
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the nanolubricant increaseswith particle volume fraction and decreases
with reduction in temperature, which means substantial variation in
viscosity. The variation in consistency index at low volume fractions is
marginal.
For instance, increasing of particle volume fraction from 0 to 0.6% at
a temperature of 90 °C the difference in consistency index noted is 0.46,
which is an indication of higher consistency of apparent viscosity, on the
other hand, the difference between themaximum andminimum values



Fig. 14. Power law index of SiO2-PAG nanolubricant with volume fractions at different
temperatures.
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at a lower temperature of 20 °C is 2.45. ie. consistency index is drasti-
cally increased as a result of temperature decrement, which is the
clear indication of an increase in apparent viscosity. The basis of this
phenomenon is the formation of nano-clusters in the base fluid which
is due to Van der Waals force between the fluid's molecules.

Fig. 16 shows the time evolution of shear viscosity for volume frac-
tions 0.07 and 0.6 at different temperatures. The viscosity decreases
and shows thixotropic behavior. It is evident that the thixotropic effect
is more prominent at higher particle concentrations and lower temper-
atures. However, at higher shear rates, the influence of shearing time on
viscosity ismarginal. This can be explained on the basis of nanofluidmi-
crostructure and the attractive force between the particles. Nanofluids
are structured materials with particles or aggregates, even at low con-
centrations. So, during the increasing of shear rates, the structure and
theflocculants of thenanolubricant breakdown and thiswill cause a de-
crease in viscosity. Increasing the shearing time allow thematerial to re-
build and retrieve the structure andmaintains its viscosity in a constant
manner. According to Aladag et al. [43], during the reverse phase,
Fig. 15. Consistency index of SiO2-PAG nanolubricant with volume fractions at different
temperatures.
reducing the stress rate may cause a growth of the flocculants and/or
allow the particulate network to rebuild. The rebuild of initial structure
is influenced by shearing time rather than shear rate.

3.2.4. Modelling of viscosity
Fig. 17 illustrates a comparison between experimental data of vis-

cosities and that obtained fromdifferentmodels. It is observed that clas-
sical models underpredict the viscosity of SiO2/PAG nanolubricants at
higher concentrations. Prasher et al. [44] reported that the Einstein
model could not adequately predict the viscosity of propylene glycol
and ethylene glycol-based nanofluids. The classical models utilize the
parameters like volume concentration and viscosity of the base fluid
as the depending factors of effective viscosity. While the experimental
results show that the temperature, type of nanoparticle, and shear
rate have a noteworthy influence on the effective viscosity of
nanofluids. In addition to the aforesaid parameters, there are other crit-
ical factors to be considered while modelling of the viscosity of
nanofluid/nanolubricant. Anoop et al. reported that there are specific ef-
fects of pressure [45] and near-wall velocity on viscosity [46]. According
to them, “fluid velocities of nanofluids are slightly higher than those of
the base fluid in the wall region and this variation in near-wall shear
rate could be used for correction of viscosity measurements while
using nanofluids”.

4. Conclusions

In the present experimental study, thermophysical and rheological
properties of SiO2/PAG nanolubricant were investigated. The effect of
particle concentration and temperature on thermal conductivity and
viscosity were elucidated. The experimental results were compared
with that obtained from existing models. The rheological properties
are investigated at various shear rates, particle concentrations, temper-
atures. The following conclusions have been drawn from the present ex-
perimental investigation.

(i) The thermal conductivity of the nanolubricant increases with in-
crease in volume concentration and decreases with the intensifi-
cation of temperature. The maximum thermal conductivity ratio
obtained was 1.31 at 0.6 vol% and 20 °C.

(ii) The classical models underpredict the thermal conductivity and
viscosity of SiO2-PAG nanolubricant. The model proposed by
Redhwan et al. for SiO2 based nanolubricant overpredicts the
thermal conductivity.

(iii) The viscosity of nanolubricants increaseswith increase in volume
fraction and decreases with increase in temperature. Moreover,
the viscosity augmentation was found to be higher compared to
that of thermal conductivity.

(iv) The maximum enhancement in viscosity is observed as 10.84,
which is found at a volume fraction 0.6% and shear rate 3.75/s.

(v) Unlike pure lubricant, shear rate plays a vital role on the behavior
of nanolubricant.

(vi) Nanolubricant shows significant thixotropic behavior at higher
particle concentrations and lower temperatures

(vii) Non-Newtonian shear thinning of nanolubricant was evidenced.
However at higher shear rates, shear thinning is insignificant and
nanolubricant behaves almost like a Newtonian fluid.

(viii) At elevated temperatures and shear rates SiO2-PAG
nanolubricant sustains adequate viscosity than pure lubricant.

(ix) This novel type of nanolubricant shows outstanding potential for
replacements as an advanced lubricant.
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Fig. 16. Influence of shearing time on viscosity (a) at 0.07 vol%, 20 °C, (b) at 0.07 vol%, 40 °C, (c) 0.07 vol%, 60 °C, (d) 0.6 vol%, 20 °C (e) 0.6 vol%, 40 °C (f) 0.6 vol%, 60 °C.
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