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Abstract In this paper, the contribution of dispersed graphene nanoparticles in
graphene-gear oil nanolubricant has been analyzed. Synthesis of nanolubricant has
been performed using the two-stepmethod. The nanoparticles have been dispersed in
the range of 0.03–1.8% by volume in industrial gear oil (SAE EP90). Viscosity and
density of nanolubricant are measured by using Stabinger viscometer (SVM 3000,
M/SAnton-Paar). Rheological properties have been experimentally tested in the tem-
perature range of 20–80 °C, and the results have been compared with theoretically
available models in open literature. The performance characteristics of nanolubri-
cants in hydrodynamic lubrication regime have been evaluated by considering the
standard Reynolds equation. For this purpose, the geometry of an infinite Rayleigh
step slider bearing (one dimension) is considered with defined boundary conditions.
Finite difference method (FDM) is used to obtain the solution of boundary value
problem. Results confirm that the dispersion of graphene nanoparticles in gear oil
enhances the performance of lubrication.

Keywords Graphene-gear oil nanolubricant · Rayleigh step bearing · Reynolds
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Abbreviations

X Non-dimensional pad width
l Pad width
P Non-dimensional pressure of the nanolubricant film
h(x) Thickness of nanolubricant film
H Non-dimensional film thickness
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η0 Viscosity at p = 0 (Pa s)
ρ0 Density at p = 0 (kg/m3)
ρ∗ Non-dimensional density
η∗ Non-dimensional viscosity

1 Introduction

Conservation of energy is a major concern for a sustained ecosystem. The main
reason for energy loss in any mechanical system is due to wear of its components
which can be reduced by efficient lubrication. Efficient lubrication is basically an
ideal selection of base lubricant and proper additives. With the advancement of tech-
nology, researchers have come up with newer lubricants comprising of nanoparticles
as additives dispersed in base lubricants termed as ‘Nanolubricants’. Nanolubricants
are found to have enhanced thermophysical, rheological and tribological proper-
ties over conventional lubricants. Adding nanoparticles in traditional lubricants for
enhancing tribological and thermal properties in recent years is extensively studied
[1]. Kotia et al. [2] observed that Al2O3 nanoparticles in industrial gear oil (SAE
EP-90) enhanced viscosity to 1.7 times of base lubricant with a concentration of 2%
by volume of nanoparticles. Aberoumand et al. [3] expressed viscosity as an impor-
tant consideration for industrial application and presented a correlation for the same.
Berman et al. [4] introduced graphene as a new emerging potential additive to the
lubricating oils. Graphene nanoparticles with their sheet-like structure enhance sur-
face area, thereby reducing metal to metal contact resulting in transmitting heat more
efficiently [5]. Yang et al. [6] confirmed that graphene-based lubricants remarkably
reduce the wear and coefficient of friction by 91 and 53%, respectively, compared to
base lubricant. Adding graphene nanoparticles in base oils has indicated remarkable
increment in heat transfer properties within optimum concentration range beyond
which agglomeration takes place leading to high friction and wear [7, 8]. Further-
more, many noteworthy works have been conducted regarding the enhancement of
tribological properties of lubricants by adding graphene nanoparticles [9, 10].

In this paper, the nanolubricant has been prepared bydispersing graphene nanopar-
ticles in gear oil (SAE EP90). Rheological and thermophysical properties at varying
temperature and particle volume fraction are experimentally evaluated. Performance
parameters considering Rayleigh step bearing geometry are numerically obtained
using finite difference method.
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2 Governing Equations

2.1 Reynolds Equation

A 1D Reynolds equation for incompressible flow is given as:

∂

∂x
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ρh3

η

∂ρ

∂x

)
= 6U

∂

∂x
(ρh) (1)

Where h denotes the film thickness, p denotes the pressure of the nanolubricant
film, ρ and η denotes the density and viscosity of the nanolubricant, respectively,
and U is the sliding velocity of the moving surface.

In Eq. (1), the parameters have been presented in the non-dimensional form as:
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where X = x
l , P = ph22

6Ulη0
, H = h

h2
, ρ∗ = ρ
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, η∗ = η
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.

2.2 Load Carrying Capacity

Load carrying capacity per unit width (W ) of the plate is given as:

W

B
=

L1∫
0

P1dx +
L2∫

L1

P2dx (3)

W

B
= 3ηULL2(L − L2)(a − 1)(

L2a3 + L − L2
)
h22

(4)

Where a = h1
h2

3 Modelling

A schematic representation of the geometry of Rayleigh step bearing is shown in
Fig. 1. The sliding direction is along the x-coordinate considering the location of
origin at the entry. The flow of nanolubricant is assumed to take place from left to
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Fig. 1 Pictorial representation of Rayleigh step bearing

right. The surface of the pad has a step zone with initial film thickness h1 and final
film thickness along a land zone as h2.

The boundary conditions used herein are: At entry, P = 0 for X = 0, P = Pc at X
= L1/L, and at exit, P = 0 for X = 1.

4 Experimental Procedures

Graphene nanoparticles, sheet thickness 2–5 nm, 2–4 layers with surface area
380 m2/g, density 2.2 g/ml have been dispersed in industrial gear oil (SAE EP90).
Samples were prepared comprising of plain gear oil and graphene-gear oil nanol-
ubricants with varying particle concentration of 0.3, 0.6, 0.9, 1.2, 1.5 and 1.8% by
volume fractions. The nanoparticles appropriate weight (W ) is calculated using the
following Equation [5] in terms of volume fraction (φ):

φ = Wp/ρp

Wp/ρp + Wl/ρl
(5)

where ′ρ ′, ′ p′ and ′l ′ represent particle density, nanoparticle and base lubricant,
respectively. Digital weighing balance (least count 0.001 mg) was used to obtain
the accurate measure of mass for the nanoparticles. Nanoparticles in base lubricants
were uniformlymixed bymagnetic stirring for 30min at 600 rpm followed by half an
hour ultra-sonication (20 kHz) to de-agglomerate the nanoparticles. The following
table shows the details of instruments used for measuring density, viscosity and shear
variations (Table 1).

All the readings from these instruments were recorded in Dhanbad at an estimated
height of 232 m above mean sea level.
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Table 1 Details of
instruments

Instrument Make Model

Viscometer Anton Parr SVM300

Rheometer Malvern Instrument, UK Bohlin Gemini

5 Results and Discussions

5.1 Density and Viscosity Variation

Figure 2 represents the density plots of graphene/EP-90 nanolubricant with tempera-
ture at varying nanoparticle volume fraction. The density decreases with temperature
in all cases following a constant gradient at all particle concentrations. Error bars
are incorporated to include uncertainty in the analysis. The temperature range (20–
80 °C) has been set to get the nature of the data points. With increasing temperature,
the graph approaches a constant value asymptotically. The data points are measured
with an estimated maximum uncertainty within 3%.

Figure 3 represents the viscosity–temperature variation of graphene/EP-90 nanol-
ubricant with varying concentration of nanoparticles. The dependence of viscosity
of nanolubricant with temperature affirms asymptotic nature as a result of weaken-
ing inter-molecular adhesion force with increasing temperature. Measurements are
reported with an estimated maximum uncertainty within 2% (Table 2).

Figure 4 represents the relative viscosity plots of graphene/EP-90 nanolubricant
between theoretical models and experimental data. It can be seen that with increasing
particle concentration, the relative viscosity also increases. The viscosity enhance-
ment of nanolubricant respect to base lubricant is about 22–32%with varying particle
concentration of 0.3–1.8%.MATLAB(2014) is used to develop a correlation between
relative viscosity and volume fraction as expressed below:

Fig. 2 Density–temperature
variation



114 G. K. Ghosh et al.

Fig. 3 Kinematic
viscosity–temperature
variation

Table 2 Theoretical
viscosity models proposed by
various researchers

Authors Predictive model

Einstein [11] μeff = μ f (1 + 2.5φ)

Brinkman [12] μeff = μ f (1 − φ)−2.5

Lundgren [13] μeff = μ f

(
1 + 2.5φ + 25

4 φ2
)

Pak and Cho [14] μeff = μ f
(
1 + 39.11φ + 533.9φ2

)
Wang et al. [15] μeff = μ f

(
1 + 7.3φ + 123φ2

)

Fig. 4 Variation of relative
viscosity with volume
fraction
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μeff = 1.205μ f
(
1 + 5.138φ + (26.71φ)2

)
(6)

5.2 Rheological Variations

Figure 5 depicts the shear stress with shear rate variation of graphene/EP-90 nanol-
ubricant at varying concentration of graphene at 30 °C. It is evident that at relatively
low volume fraction, the variation is almost linear indicating Newtonian behaviour,
while at higher volume fraction, this variation approaches towards nonlinearity show-
ing non-Newtonian nature. Figure 6 represents the viscosity–shear rate trends of

Fig. 5 Shear stress–shear
rate variation

Fig. 6 Viscosity–Shear rate
variation
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Table 3 Basic inputs Geometry Notations Inputs

Slider width L 10 mm

Film thickness gap h1−h2 100 nm

Sliding velocity U 0.05 m/s

Length of step zone L1 7 mm

Length of land zone L2 3 mm

Optimum film thickness ratio a 1.86

graphene/EP-90 nanolubricant at varying concentrations. It confirms that nanolubri-
cant exhibits significant shear thinning characteristics at higher volume fraction and
viscosity declines asymptotically at a higher shear rate.

5.3 Performance Curves

To evaluate the performance characteristics in the step bearing with nanolubricant,
the following geometrical inputs have been used for the study (Table 3).

Figure 7 shows the pressure distribution with non-dimensional length over the
width of the slider. It is evident that the pressure profile shows an increasing trend
with volume fractions in all cases. The peak pressure is achieved at the common
point of step and zone land. Figure 8 depicts the profile of maximum load-carrying
capacity with volume fraction at 30 °C and found to increase with volume fraction
under optimum film thickness ratio condition, i.e. 1.86.

Fig. 7 Pressure profile with
non- dimensional length
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Fig. 8 Variation of
load-carrying capacity with
particle volume fraction

6 Conclusions

In this present work, the effects of dispersing graphene nanoparticles in gear oil
(SAE EP-90) have been experimentally investigated. Improvement in rheological
properties have been obtained and compared with previous research works. Shear-
thinning behaviour has been observed with increasing nanoparticle volume frac-
tion. The performance characteristics of nanolubricants in hydrodynamic lubrication
regime assuming the geometry of 1D Rayleigh step bearing have been obtained by
considering the standard Reynolds equation. Basic inputs from the earlier study have
been used for calculating the performance parameters. It has been observed that the
dispersion of graphene enhances the performance of lubrication.
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