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Abstract: The viscosity and tribological behavior of nanofluids formed by dispersed nano-diamond
particles within Poly-Alpha-Olefin (PAO6) lubricant is studied at different concentrations.
The variation of coefficient of friction with nanoparticle concentration is measured using pin-on-disc
tribometry under boundary, mixed, and hydrodynamic regimes of lubrication. A multi-scale
multi-physics thermo-mixed lubrication model is developed to provide fundamental understanding
of the measured tribometric results. The analytical approach combines continuum contact mechanics,
thermal-mixed lubrication comprising the interaction of rough surfaces, as well as a thermal network
heat transfer model. In particular, Einstein’s viscosity model for dispersed hard particles together with
Vogel’s viscosity-temperature dependence model for fluid viscosity containing nanoparticles represent
new contributions to knowledge. This integrated numerical-experimental study of nanofluid thermal
and tribological assessment has not hitherto been reported in literature. It is shown that improved
heat transfer capability of nanofluids is particularly effective in the reduction of friction under a
mixed regime of lubrication.

Keywords: multiphase thermal flow; nanofluid; diamond nanoparticles; Poly-Alpha-Olefin; friction

1. Introduction

Engine lubricants are generally poor heat transfer media. Various methods are used to improve
their thermal conductivity (heat conduction) and heat transfer (heat convection), including the use of
dispersant solid particles. Such two-phase solid–liquid media are known as nanofluids. The solid
nanoparticles, typically 1–100 nm in size with high thermal conductivity, are suspended in a base fluid
in order to primarily improve its thermal characteristics. The thermal conductivity of base fluids can be
improved by as much as 20% using very low concentrations of nanoparticles (typically <5% by volume
fraction) [1–8]. The heat transfer capability of nanofluids depends not only on particle concentration,
but also on material type, size, shape and agglomeration of particles, and properties of the base fluid
and any dispersant such as acidity regulators as well as operating temperature [9–14]. The size, shape,
and agglomeration of nanoparticles are quantified using Scanning Electron Microscopy (SEM) or
Transmission Electron Microscopy (TEM) [15–18]. Nanoparticles are mainly made from any of: (a) metal
dichalcogenides (e.g., Al2O3 and MoS2), (b) metals (e.g., Fe and Cu), or (c) carbon-based non-metallic
particles (e.g., nano-diamonds, nanotubes and carbon onions) [19]. The thermal conductivity of
diamond nanoparticles (−3200 W/mK) is approximately an order of magnitude greater than the metallic
particles and four orders of magnitude greater than typical base fluids [8]. Diamond nanofluids
are advantageous due to their superior thermal conductivity [4,8,20–22], better tribological behavior
(reduced friction and wear) [16,17,23–26], and in some cases non-toxic and bio-compatible nature [27,28].
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Additionally, the diminutive particle size is suitable for extremely narrow tribological load bearing
conjunctions. They are also stable and efficient at various temperatures (tribo-chemical stability) [19,28].
Literature is recently quite prolific with reported experimental research around thermal conductivity
and/or rheological properties of nanofluids [8,15,20]. These studies investigate the properties of base
fluids in the presence of solid nanoparticles.

For viscosity of a suspension, the original model was proposed by Einstein [29]. A few studies have
proposed modification to the conventional Maxwell’s thermal conductivity and Einstein’s viscosity
model [15,30]. Other studies have focused on the tribological performance of nanofluids in sliding
conjunctions. Anti-wear and friction reduction mechanisms for nanofluids are sought experimentally
using tribometers such as block-on-ring and pin-on-disc [18,24,31–33]. A few studies have investigated
the anti-wear and friction mechanisms under boundary and mixed regimes of lubrication using an
experimental approach [34,35]. These studies have reported a more effective performance of nanofluids
under the boundary-mixed regimes of lubrication. Computational Fluid Dynamics (CFD) tools have
been occasionally used to study the tribological properties of nanofluids [31,36]. Demas et al. [37]
showed that MoS2:PAO10 nanolubricant reduces the coefficient of friction in piston-cylinder conjunction
at high operating temperatures.

The current paper investigates the tribological properties of diamond nanoparticles, dispersed
in PAO6 lubricant with various volumetric concentrations of 0.04, 0.1, and 1%. The viscosity of
diamond nanofluids are compared with the base lubricant and various theories. A semi-empirical
viscosity relationship is proposed using the Vogel’s viscosity model to include the effect of temperature
and particle concentration. The variation of coefficient of friction with nanoparticle concentration is
investigated under boundary, mixed, and hydrodynamic regimes of lubrication using pin-on-disc
tribometry. A multi-scale, multi-physics theoretical model is developed to combine the viscosity
properties of the nanofluids with the frictional and thermal properties of the contacting surfaces
through application of fundamental continuum contact mechanics, nano-tribology, and heat transfer.
The experimental and analytical results are combined in order to evaluate the thermal and tribological
behavior of diamond nanofluids.

2. Experimental Measurements

2.1. Lubricants Viscosity

The thermophysical properties of Poly-Alpha-Olefin (PAO6) lubricant are provided in Table 1.
The PAO6 lubricant was used as the base fluid for all the nanofluid variants in the current investigation.
Blue nano-diamond particles form the additives in PAO6. These nanoparticles were blended to a
uniformly dispersed and stable solution by the manufacturer. The nanofluid is stable under normal
conditions, except when exposed to strong oxidizing agents. The stability of the fluid was confirmed
after 6 months based on the visual investigation of color and absence of nano-diamond sediments
in the container. A small percentage of molybdenum phosphorodithioate (less than 0.1 wt%) was
present in the mixture. Physical and geometrical properties of diamond nanoparticles were extracted
from the manufacturer’s datasheet (Table 2). Nanoparticles were dispersed in the PAO6 lubricant
at three volumetric fractions (VF) of 0.04, 0.1, and 1.0%. The viscosity of PAO6 and the resulting
nano-fluids were measured at four temperatures using a ViscoLite 700 series viscometer (Table 3).
ViscoLite 700 viscometer is manufactured by Hydramotion Ltd. (York, UK) and the measurement
uncertainty is 0.1 mPa·s within the temperature range −20 to 120 ◦C. Lubricants were heated in a
water bath and measurements were taken when the temperature of lubricants was stabilized and
reached the temperature of the bath. Viscosity of PAO6 is reported to be 0.0239 Pa·s at 40 ◦C in the
manufacturer’s datasheet. The measured value using ViscoLite 700 equals 0.0237 Pa·s (−1% difference).
All measurements were repeated three times (Table 3).
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Table 1. Thermophysical properties of PAO6 [31,38–40].

Parameter Value Unit

Density at 15 ◦C 830 kg/m3

Thermal conductivity at 80 ◦C 0.15 W/(m K)
Specific heat capacity at 100 ◦C 2.303 × 103 J/(kg K)
Thermal expansion coefficient 6.4 × 10−4 1/K

Table 2. Properties of diamond nanoparticles.

Parameter Value Unit

Size <100 Nm
Shape Spherical −

Density 3500 kg/m3

Thermal conductivity 3300 W/(m K)
Specific heat capacity 509.1 J/(kg K)

Table 3. Dynamic viscosity of PAO6 and diamond nanofluids (Standard deviations are shown in
parentheses, ×10−5).

T (◦C) ± 1
Dynamic Viscosity η

PAO6 Average
(STDev)

0.04%
VF

Average
(STDev) 0.1% VF Average

(STDev) 1.0% VF Average
(STDev)

20
0.0586

0.0589 (20)
0.0588

0.0592 (26)
0.0595

0.0595 (21)
0.0605

0.0604 (25)0.0589 0.0595 0.0598 0.0600
0.0592 0.0592 0.0592 0.0607

33
0.0322

0.0318 (25)
0.0330

0.0323 (42)
0.0330

0.0324 (42)
0.0337

0.0331 (39)0.0318 0.0322 0.0322 0.0329
0.0314 0.0318 0.0318 0.0327

46
0.0189

0.0187 (16)
0.0190

0.0188 (16)
0.0193

0.0190 (14)
0.0200

0.0196 (27)0.0187 0.0188 0.0190 0.0196
0.0184 0.0186 0.0188 0.0193

60
0.0125

0.0123 (10)
0.0128

0.0124 (19)
0.0128

0.0127 (10)
0.0133

0.0128 (33)0.0123 0.0124 0.0127 0.0128
0.0122 0.0122 0.0125 0.0123

Vogel’s empirical viscosity model [41,42] accurately predicts the lubricant’s viscosity at different
temperatures:

η(T) = av exp
(

bv

T − cv

)
(1)

Parameters η and T are the dynamic viscosity (Pa·s) and temperature (K). The correlated Vogel
values are reasonably accurate in comparison with the measured data when constants in Equation (1)
are determined by fitting experimental viscosity values for a specific lubricant [42]. The constants
av, bv and cv are determined for the PAO6 lubricant and the formed nanofluids using the measured
viscosities (Table 4). The measured viscosities are compared with Einstein’s theory for dispersed
spherical particles in fluids [29], using

ηn f

η f
= 1 + 2.5φ → ηn f = av,PAO6 exp

(
bv,PAO6

T − cv,PAO6

)
(1 + 2.5φ) (2)

The parameters ηn f , η f and φ are dynamic viscosity of a nanofluid, that of the base lubricant
(i.e., PAO6) and the volumetric concentration of nanoparticles [20].
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Table 4. Constants for the Vogel equation for PAO6 and various nanofluids.

Lubricant av bv cv

PAO6 1.497 × 10−4 1337.544 131.565
0.04% VF 8.584 × 10−5 831.734 165.900
0.10% VF 1.499 × 10−4 687.933 178.177
1.00% VF 9.263 × 10−5 823.399 166.086

Figure 1 shows the variation of viscosity ratio with the volumetric concentration of particles
at different temperatures. Einstein’s model varies linearly with the concentration parameter φ and
neglects the effect of thermal conductivity of the nanoparticles. At room temperature (20 ◦C), the
measured (Vogel) viscosity ratio and the predictions by Einstein’s theory are quite similar, but the
former has a non-linear behavior. Despite previous reports, and regarding the non-linear viscosity
ratio [20], such non-linearity has not been investigated at higher temperatures, typical of tribological
contact conjunctions. The results in Figure 1a suggest that the viscosity of the base lubricant (PAO6)
decreases noticeably with temperature. Hence, the effect of the concentration of nanoparticles on the
viscosity of PAO6 is generally small in a static fluid. Viscosity of the base lubricant is comparatively
small at higher temperatures. Hence, a small variation in the viscosities due to thermal effects can
potentially lead to a large viscosity ratio value (Figure 1b). Under dynamic conditions, such as when
there is a flow through narrow tribological contact conjunctions subject to continuous frictional heat
generation, nanoparticles are also more likely to interact with the solid surfaces in their proximity as
opposed to the case for a static fluid, where the thermal interactions with the walls are negligible due
to thermal equilibrium of bulk fluid. The effect of thermal conductivity of nanofluids on friction in
tribological contact conjunctions is investigated in Sections 3 and 4. Thermal conductivity and viscosity
of nanofluids are related physically through specific surface area of nanoparticles. It is shown that an
increase in the viscosity of nanofluids is related to the difficulty in the motion of nanoparticles in the
base fluid due to Brownian motion, and a direct result of an increase in particles’ concentration [43,44].
The Brownian motion essentially varies with temperature. Hence, a greater thermal conductivity
can promote dissipation of heat from a tribological conjunction through fluid convection and/or heat
conduction due to the interaction of particles with the confining boundary solid surfaces.

At 20 ◦C, the difference in viscosities are solely due to the dispersion of nanoparticles when the
bulk nanofluid is in thermal equilibrium with the ambient. The initial viscosity refers to the measured
viscosities for all the lubricants at room temperature (20 ◦C). Hence, any difference in the viscosity at
this temperature is merely due to the addition of nanoparticles to the base fluid, and not because of any
thermal mechanism. As the temperature increases, the non-linearity in viscosity variations with the
volume fraction increases (Figure 1a). However, these variations are not easily observable when using
the actual viscosity values instead of the viscosity ratios as can be seen from Figure 1a. The dynamic
viscosity ratio is utilized to highlight the significance of these variations with temperature as shown
in Figure 1b. Thus, a small change in viscosity with temperature can lead to a significant increase in
the viscosity ratio, especially at higher temperatures, where the viscosity of the base lubricant (PAO6)
becomes quite small. Consequently, the viscosity ratio increases as much as 12% for the concentration
of φ = 1.0%. Similar trends are also reported in the open literature for various nanofluids [8,9,45–48].
The viscosity ratios are reported using Vogel empirical model in Figure 1b. It should be noted that
slight deviations might be observed between Vogel and measured results. Certain additives such as
thioglycolic acid are utilized to prevent agglomeration of the nanoparticles. These additive agents can
also affect the thermal conductivity of nanofluids [9]. Anti-agglomeration additives are not used in the
current study. Thus, improvements in the thermal conductivity at higher temperatures are directly
attributed to the action of diamond nanoparticles themselves.
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Figure 1. Variation of dynamic viscosity with the volumetric concentration of diamond nanoparticles
and temperature: (a) actual viscosity values, and (b) viscosity ratios (measured (Vogel correlations)
viscosity vs. Einstein viscosity model [28]). The standard deviations are calculated for the measured
viscosity at each temperature and presented using error bars.

2.2. Surface Topography

Three-dimensional (3D) surface topography of the pin and disc samples are made using white light
interferometry with 20×magnification (Figure 2). The surface roughness parameters were measured at
several locations on each sample and their composite average is shown in Table 5. Skewness, Ssk, and
Kurtosis, Sku, are zero and 3 for a Gaussian distribution respectively. Therefore, the height distribution
of surface asperities can be approximated with a Gaussian distribution for both the pin and the disc
surfaces (Table 5).

Table 5. Surface properties of pin and disc.

Parameter Pin Disc Unit

Root mean square (RMS) roughness, σ 0.64 0.71 µm
Mean peak radius of curvature, β 18.9 8.3 µm

Density of peaks, ηp 262 × 10−6 646 × 10−6 µm−2

Skewness, Ssk −0.36 0.0793 −

Kurtosis, Sku 3.66 3.63 −



Lubricants 2020, 8, 17 6 of 18
Lubricants 2020, 8, 17 6 of 18 

 

 

Figure 2. Surface roughness contours using white light interferometry: (a) pin and (b) disc samples. 

Table 5. Surface properties of pin and disc. 

Parameter Pin Disc Unit 
Root mean square (RMS) roughness, 𝜎 0.64 0.71 µm 

Mean peak radius of curvature, 𝛽 18.9 8.3 µm 

Density of peaks, 𝜂௣ 262 × 10−6 646 × 10−6 µm−2 

Skewness, 𝑆௦௞ −0.36 0.0793 − 
Kurtosis, 𝑆௞௨ 3.66 3.63 − 

2.3. Pin-On-Disc Tribometry 

An in-house precision pin-on-disc tribometer was used to measure the coefficient of friction. Pin 
and disc samples are made of EN36C alloy steel with carburized surfaces for high hardness and wear 
resistance (Table 6). Friction was measured at the constant applied contact load of 5.1 N and with 
sliding velocity variation in the range: 0.1–1.6 ms−1 at room temperature (20 ± 2 °C). These conditions 
allow for a transition from boundary to mixed and through to hydrodynamic regimes of lubrication. 
During each measurement, a sliding velocity sweep was undertaken with a pause of 15 s for 
measurement of friction at all specified sliding velocities. At the end of the velocity sweep, the disc 
surface temperature was measured close to the contact outlet using an Infra-Red (IR) thermometer 
(PCE Instruments Ltd., Southampton, UK) and a 7–9 °C temperature rise was observed in all cases. 

Table 6. Geometrical and mechanical properties of pin and disc. 

Parameter Pin Disc Unit 
Material En36C En36C − 

Hardness 700 700 HV 
Modulus of Elasticity, E 205 205 GPa 

Poisson Ratio, ν 0.3 0.3 − 
Radius of curvature, R 0.0286 ∞ 𝑚 

Sample width, L 0.010 − 𝑚 
Sample length, b 0.020 − 𝑚 

Thermal conductivity 43 43 W/mK 

Specific heat capacity 500 500 J/kgK 
  

Figure 2. Surface roughness contours using white light interferometry: (a) pin and (b) disc samples.

2.3. Pin-On-Disc Tribometry

An in-house precision pin-on-disc tribometer was used to measure the coefficient of friction.
Pin and disc samples are made of EN36C alloy steel with carburized surfaces for high hardness and wear
resistance (Table 6). Friction was measured at the constant applied contact load of 5.1 N and with sliding
velocity variation in the range: 0.1–1.6 ms−1 at room temperature (20 ± 2 ◦C). These conditions allow
for a transition from boundary to mixed and through to hydrodynamic regimes of lubrication. During
each measurement, a sliding velocity sweep was undertaken with a pause of 15 s for measurement of
friction at all specified sliding velocities. At the end of the velocity sweep, the disc surface temperature
was measured close to the contact outlet using an Infra-Red (IR) thermometer (PCE Instruments Ltd.,
Southampton, UK) and a 7–9 ◦C temperature rise was observed in all cases.

Table 6. Geometrical and mechanical properties of pin and disc.

Parameter Pin Disc Unit

Material En36C En36C −

Hardness 700 700 HV
Modulus of Elasticity, E 205 205 GPa

Poisson Ratio, ν 0.3 0.3 −

Radius of curvature, R 0.0286 ∞ m
Sample width, L 0.010 − m
Sample length, b 0.020 − m

Thermal conductivity 43 43 W/mK
Specific heat capacity 500 500 J/kgK

3. Analytical Method

A multi-scale multi-physics analytical model of the pin-disc conjunction is developed in order to
study the tribological behavior of the nanofluids. A schematic representation of the contact conjunction
and the corresponding control volume are shown in Figure 3.
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Figure 3. (a) Schematic of contact conjunction and heat transfer mechanism in pin-on-disc
tribometry; (b) Fluid control volume and its bounding surfaces in the presence of asperities.
The generated/transferred heat flow rates are shown for contact friction,

.
Q, contiguous surfaces,

.
Qp and

.
Qd, fluid flow convection,

.
Qcv, and nanoparticles,

.
Qnp. Temperatures are presented for fluid

prior to contact, Tin, fluid at the inlet of control volume, To, fluid at the outlet, Tout, and contiguous
surface asperities, Tpin and Tdisc.

The model includes prediction of viscous and boundary friction. A thermal model is incorporated
to predict the average contact temperature for the determination of effective lubricant viscosity in
the contact. The contact footprint is of finite line geometry. Using the classical Hertzian theory as an
approximate approach to determine any localized contact deflection, δ, for an elastic line contact [49]
leads to:

δ =
P′

πE∗

[
ln

(
L2πE∗

2RP′

)
+ 1

]
(3)

Parameters in this case are the following: load per unit length P′ = 510.65 N/m, the reduced
(effective) Young’s modulus of elasticity: E∗ = E/2

(
1− ν2

)
= 112.64 GPa, contact width L = 0.01 m, and

the reduced radius of curvature R = 0.0286 m. Equation (3) yields a contact deflection of 2.17 × 10−8 m.
This, together with the fact that surface asperities are an order of magnitude larger than the calculated
contact deflection, means that the surfaces may be assumed to act as rigid bodies for the stated
conditions. Therefore, conditions leading to fully lubricated contacts conform to a hydrodynamic
regime of lubrication.

3.1. Prediction of Friction

The minimum lubricant film thickness is evaluated under the hydrodynamic regime of lubrication
with an assumed Reynolds’ contact exit boundary condition for a rigid line contact [49] as:

ho = 2.45
(

UηRL
W

)
(4)
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where, W, U, η and ho are contact load, lubricant entrainment velocity, lubricant viscosity, and the
minimum film thickness, respectively. Since the pin surface is not flat, friction due to viscous shear,
F f ,v, is obtained as:

F f ,v =

∫
τdA = 2ηUL

xc∫
0

2R
2Rho + x2 dx (5)

For a fully flooded condition (i.e., hydrodynamic regime of lubrication), the wetted contact area is
A = bL. For partially flooded contacts with a curved profile (i.e., mixed regime of lubrication), the
real wetted area becomes: A =

∫ xc

0 2Ldx. The upper limit of the integral, xc (denoting the position
of lubricant film rupture at the contact exit) is determined through solution of Equation (6) for the
inlet/outlet boundary conditions (atmospheric pressure, patm) [50]:

p =
h3/2

o patm

6
√

2RUη
, p =

xc

3(1 + xc2)2 , xc =
xc
√

2Rho
(6)

Thus, the wetted region of contact area is calculated as:

A = L

xc∫
0

√
2R
h

dh (7)

where h denotes film thickness at any position across the contact. In mixed regime of lubrication,
the contact load is partly carried by a lubricant film and partly by the contacting asperities on the
counter face surfaces. The Hertzian theory of elastic contact between a pair of spherical surfaces is
extended by considering several discrete spherical microcontacts at the scale of asperities. Asperity
contact load, Wa, and their area of contact, Aa, vary with surface parameters and material properties
as [51]:

Wa =
16
√

2
15

π
(
ηpβσ

)2
√
σ
β

E∗
∫

C5/2(λ)dA (8)

and

Aa = π2
(
ηpβσ

)2
∫

C2(λ)dA (9)

where the surface parameters σ, η and β are extracted from Figure 2 and presented in Table 5.
The statistical functions Cn(λ) describe the probability of counter face asperity interactions for an
assumed Gaussian distribution of asperity heights [49]. Greenwood and Tripp [51] show explicitly
that contact load and area are proportional to the compliance of asperities, (s− λ)n multiplied by the
Gaussian exponential distribution of asperity heights Equation (10). The exponent n is 5/2 and 2 for
contact load and area respectively Equations (8) and (9). Since the pin profile is not flat, these functions
are integrated over the contact area. The statistical functions are approximated using exponential curve
fits in Equations (11) and (12). λ = h/σ is the Stribeck’s oil film parameter [52], indicating the distance
between the mean plane of counter face real rough surfaces, and so thus:

Cn(λ) =
1

2π

∞∫
λ

(s− λ)ne−s2/2ds (10)

C 5
2
(λ) = 6.878959 exp

− (λ+ 2.791005)2

2× 1.2707522

 (11)

C2(λ) = 3.58449 exp

− (λ+ 2.492737)2

2× 1.2568962

 (12)
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The generated frictional contribution due to direct asperity interactions (boundary friction), F f ,b,
becomes [51]:

F f ,b = τeAa + ξWa (13)

It is assumed that a thin layer of lubricant is adsorbed into the asperity summits and the interspatial
asperity valleys, acting with non-Newtonian Eyring shear stress, τe [53–55]. The boundary shear
strength of the surfaces, ξ, is taken as 0.22 as measured using lateral force microscopy for a range of
similar contacting materials by Umer et al. [56]. Therefore, for a prevailing mixed regime of lubrication,
the predicted contact friction, F f , becomes:

F f = F f ,v + F f ,b (14)

3.2. Thermal Analysis

A control volume thermal network model, similar to that proposed in [57,58], is used to develop an
analytical thermal model for pin-disc conjunction. This model predicts the average contact temperature
of the lubricant as well as the flash temperature of the contiguous contacting surfaces. Friction is
regarded as the only source of heat generation, thus:

.
Q = F f ∆U (15)

The generated heat is partly carried away from the contact by the flow of lubricant and nanoparticles
(i.e.,

.
Qcv +

.
Qnp) and partly conducted through the contacting surfaces; the pin;

.
Qp and the disc;

.
Qd. Hence

.
Q =

.
Qp +

.
Qd +

.
Qcv +

.
Qnp (16)

Convection cooling through lubricant flow is obtained from Equation (17), where the mass flow
rate is approximated as:

.
m = ρAc∆U. Parameters ρ and Ac are lubricant density and cross-section of

lubricant flow, respectively. The mass flow rates of the lubricant and nanoparticles are determined as
.

mnp = φ
.

m and
.

m f = (1−φ)
.

m respectively, thus:

.
Qcv =

.
m f c f (Te − To),

.
Qnp =

.
mnpcnp

(
Tnp − Te

)
(17)

where Te, Tnp, c f and cn f are the effective lubricant contact temperature, nanoparticles temperature,
and heat capacities for lubricant and nanofluid, respectively.

The lubricant temperature Tin initially rises to a temperature To at the inlet conjunction due to the
heat flux from the solid boundaries [57], thus

To =
TdUd + TpUp

Ud + Up
(18)

where the subscripts d and p refer to the disc and pin surfaces, respectively.
The variation of lubricant density, ρ f , with temperature is taken into account through theuse of

Equation (19). The coefficient of thermal expansion is denoted as βo for the lubricant and ρo is the
fluid density at a reference temperature (Tre f = 15 °C). The density, ρn f , and specific heat capacity, cn f ,
of nanofluids are calculated using the thermal properties of their constituent base lubricant and the
diamond nanoparticles, as well as the volumetric concentration of nanoparticles, φ, [9]:

ρ f = ρo
[
1− βo

(
Te − Tre f

)]
(19)

ρn f cn f = (1−φ)ρ f c f + φρnpcnp (20)

ρn f = (1−φ)ρ f + φρnp (21)
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The generated heat at the center of the contact is transferred through a series of thermal-resistive
barriers. These thermal resistors are: the lubricant film; Rl, boundary layer convection; Rv and surface
flash thermal conduction; R f . The analogy of lubricant flow to a laminar flow through a tube is used
to determine these resistances. The parameters ht, kl, ks and S f are the heat transfer coefficient of the
boundary layer, thermal conductivity of lubricant film, thermal conductivity of solid surfaces and the
characteristic length for flash temperature and are defined as follows:

Rl = ho/2klA, Rv = 1/htA, and R f = S f /ksA (22)

Detailed calculation of these parameters is provided in [57–59]. The thermal conductivity of
nanofluids, kn f , is estimated using the modified Maxwell’s theory to include the effects of particle
shape and size, as well as the contiguous nanolayer of fluid about the particle [58,60]:

kn f

k f
=

keq + (n− 1)k f − (n− 1)φ
(
k f − keq

)
(1 + βr)

3

keq + (n− 1)k f + φ
(
k f − keq

)
(1 + βr)

3
(23)

Shape parameter, n is considered to be equal to 3/Ψ, where Ψ is the sphericity factor. It is
the ratio of the surface area of a sphere, with its volume equal to that of the nanoparticle, to the
actual surface area of the particle. The shape parameter, n = 3 for perfectly spherical particles.
A solid-like nanolayer of fluid molecules forms on the surface of particles due to Brownian motion
and physisorption-chemisorption effects [61]. The thickness of this nanolayer is suggested to be up to
3 molecular layers of the base fluid [62]. Dolatabadi et al. [61] showed that the molecular stacking in
the nanolayer is driven by the progressive adsorption-desorption process, utilizing Arrhenius and BET
(Brunauer–Emmett–Teller) theories. The thickness of nanolayer, hnl, can be determined using:

hnl =
cazdb f

(1− z)[1− (1− ca)z]
, z =

P
P∗

(24)

where ca is the reaction rate ratio of adsorption to desorption. P and P∗ are the equilibrium pressure of
adsorbates at the adsorption temperature and the pressure of the bulk lubricant above the last layer
of adsorbate respectively. This method proposes that five molecular layers of PAO6 will form on the
surface of diamond nanoparticles and the sixth layer will reach equilibrium with only 55% surface
coverage. Parameter βr is the ratio of the thickness of nanolayer with respect to the nanoparticle’s
radius (βr = hnl/rnp). This solid-like nanolayer has higher thermal conductivity than that of the base
fluid. The equivalent thermal conductivity of the suspended nanoparticle, keq, equals the combined
thermal conductivity of nanoparticle and its contiguous nanolayer:

keq =

[
2(1− γr) + (1 + βr)

3(1 + 2γr)
]
γr

−(1− γr) + (1 + βr)
3(1 + 2γr)

knp (25)

whereγr = knl/knp. knl and knp are the thermal conductivities of nanolayer and nanoparticle respectively.
Yu and Choi [60] assumed that γr = 1.0; thus, keq = knl = knp. Using a similar approach to that of
Morris et al. [57], the average contact temperature is predicted using Equation (26). The average contact
temperature is not representative of the flash temperature of the asperities. The heat conduction
through asperity pairs are neglected since the asperity area of contact is typically less than 1–5% of
the total contact area [57]. The thermal resistance due to convection of lubricant is Re = 1/

( .
m f c f

)
and
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the resistance due to the heat transfer of nanoparticles is: Rnp = 1/
( .
mnpcnp

)
. Therefore, the effective

average contact temperature becomes

Te =

( .
QReRnp + ToRnp + TnpRe

)∏
Ri + ReRnp

∑
RiT j(

Rnp + Re
)∏

Ri + ReRnp
∑

Ri
(i , j ∈ p, d) (26)

where
∏

Ri shows the product of thermal resistances of contacting surfaces and Ri = Rli + Rvi + R f i.
Thus, the temperature rise of the counter face surfaces can also be predicted as

Tp,new =
R f ,p

(
Te − Tp

)
Rp

+ Tp,old (27)

Td,new =
R f ,d(Te − Td)

Rd
+ Td,old (28)

The tribological contact model is solved numerically. An initial guess for the film thickness is
made, using Equation (4). The hydrodynamic and asperity contact loads are obtained iteratively
(i.e., contact reaction: Wt = Wh + Wa). The following load convergence criterion is used:

ε =
|F−Wt|

F
≤ 10−3 (29)

where F is the applied pin load. If the criterion is not satisfied, then the film thickness is adjusted and
the entire procedure is repeated; i.e.,

hnew = hold

(
1 +ψ

Wt − F
max(Wt, F)

)
(30)

where ψ = 0.75 is the under-relaxation factor in this case.
Thus, the coefficient of friction is predicted as: F f /F. This depends on the nanofluids used.

Therefore, for the base PAO6 lubricant the coefficient of friction is denoted by µ f and for any nanofluid,
comprising the PAO6 lubricant with a volume fraction of nanoparticles is denoted byµn f . All coefficients
of friction were also directly measured by the tribometer as well.

4. Results and Discussion

The ratio of coefficient of friction obtained for a nanofluid to that with the base lubricant only,
provides a good measure of effectiveness of the nanoparticles in improving conjunctional efficiency.
Figure 4 shows predicted variation of the coefficient of friction ratio, µn f /µ f , with the Hersey’s service
parameters, η f UL/W [63]. The predictions make use of the overall viscosity model for the nanofluids,
making use of Equations (1) and (2). As the viscosity of the fluid changes with the Hersey parameter,
the prevailing regime of lubrication alters according to the fluid viscosity (fluid viscosity determines
its load carrying capacity). It is clear that the predicted coefficient of friction ratio conforms reasonably
well to the measured tribometric data under identical conditions. This is a further indication of the
validity of the viscosity model combined with viscous and boundary friction models. The values of the
ratio below unity indicate reduced frictional losses as a result of introducing nanoparticles into the base
lubricant. This is partially due to the initial higher viscosity of nanofluids at room temperature and
partially due to enhanced nanofluid thermal characteristics (i.e., heat transfer) at contact temperatures
above the ambient, as also noted through detailed numerical analysis by Shahmohamadi et al. [31].
The effect of heat transfer mechanism on the lubricant viscosity in a thin tribological contact conjunction
is detailed in Figure 5 and distinguished from the initial viscosity variations due to concentration
parameter. In effect, Figure 4 is a normalized form of the Stribeck’s curve [52]. The results obtained
through measurements are shown by various VF concentrations, φm. These are compared with the
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results of analytical model predictions shown by the various line plots (for VF concentrations φ)
using the Einstein viscosity model (Figure 4a). As already stated, the Einstein’s model does not
include the effect of thermal conductivity of nanoparticles. Thus, the predicted ratios are somewhat
underestimated, particularly at lower nanoparticle concentrations. To improve the results from the
predictive model, Einstein’s viscosity model is replaced with the Vogel’s empirical model based on
measured viscosities. Analytical predictions together with the updated viscosity model are shown
in Figure 4b. There is a −10% improvement in predictions vis-a-vis the measurements for conditions
pertaining to mixed regime of lubrication. The improved predictions still show a level of deviation
from measured ratios. More accurate predictions are anticipated after consideration of all possible
friction and wear mechanisms in the models, as well as the rheological and thermal properties [64].
The demarcation line between mixed and hydrodynamic regimes of the lubrication is at the service
parameter value of η f UL/W ∼ 0.05. Thereafter, under the hydrodynamic regime of lubrication, there
are hardly any significant changes in the coefficient of friction ratio; regardless of any improvements in
the nanofluid thermal conductivity.
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Figure 4. The variation of coefficient of friction ratio with Hersey parameter and volumetric
concentration of diamond nanoparticles at constant load of 5.1N based on: (a) Einstein’s viscosity
model Equation (2) and (b) empirical Vogel’s viscosity-temperature dependence model Equation (1).
Analytical results (lines) for various volumetric concentrations, φ , are compared with experimental
measurements (markers) for the same volumetric concentrations, φm.
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Figure 5. Viscosity ratio variation with temperature in pin-disc conjunction and nanolayer ratio parameter.

All the measured and predicted results show an initial reduction in the coefficient of friction
ratios, followed by a gradual deterioration to unity thereafter (indicating no further benefit after
η f UL/W > 0.05). The initial improvement is due to rapid formation of a lubricant film resulting in
reduced direct boundary interactions. The position of minimum indicates optimal mixed regime
of lubrication for a given VF concentration of nanoparticles. Thereafter, there is increased viscous
friction as the hydrodynamic regime of lubrication begins to dominate and the effect of nanoparticles
is significantly diminished. Although there is some degree of scatter in the measured results, it is quite
clear that reduced friction is achieved with increasing VF concentration of nanoparticles. However, the
range of concentrations used is quite practical from the point of view of suspension stability. Clearly,
as the VF of particles increases there is a chance of agglomeration. Zhang et al. [65] showed that
nanoparticle concentrations of less than 1% led to effective improvements in friction. Battez et al. [66]
used various nanoparticle types as anti-wear additives with up to 2% VF concentration in a PAO6
lubricant base. They showed that a VF concentration of 0.5% was optimal for the reduction of friction.

Analytical simulations carried out here commence at the room temperature of 20 ◦C. Therefore,
the differences in the viscosity ratio at this temperature (Figure 5) are only due to the variation
in concentration of the nanoparticles; lubricants are at thermal equilibrium with ambient at this
temperature. During simulation, the concentration values φ are considered to remain unaltered, with
any variation in the viscosity ratio attributed to improved thermal conductivity of the nanofluids and
the interaction of nanoparticle dispersion with the walls of contiguous solids in the thin tribological
conjunction. The thermal conductivity of nanofluids improves at higher contact temperatures [9] and
the dispersed particles interact with the solid surfaces, thus leading to a rise in the viscosity ratio,
ηn f /η f , with increasing temperature and subsequently reduced asperity interactions in mixed regime
of lubrication. For instance, viscosity of nanofluid for φ = 1.00% is 2.5% greater than the PAO6 at room
temperature 293 K (Figure 5). This difference is approximately 3.5% at the end of simulation with a 6 ◦C
rise in contact temperature. Thus, the reduction in coefficient of friction ratio can be partially due to the
thermal characteristics of the nanofluids and partially due to an increase in viscosity by nanoparticle
dispersion. The larger variations in the viscosity ratio occur between 293 and 295 K during the mixed
regime of lubrication due to the direct interaction of surfaces and nanofluids in the narrow tribological
conjunction (Figure 5).

The formation of nanolayer of fluid contiguous with particles affects the thermal characteristics
of nanofluids [60,62]. The improved thermal characteristics, in turn, affect the viscosity ratio ηn f /η f .
The ratio βr varies in the range 0.022 to 0.22 for a known volume fraction φ. Viscosity ratio ηn f /η f
is relatively smaller for the smaller values of βr (Figure 5). The larger values of βr indicate smaller
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particle sizes for a constant nanolayer thickness (hnl ≈ 2.2 nm). The thickness of nanolayer is assumed
to be constant, since the average size of the fluid molecule is dictated by its constituent atoms [62].
Consequently, particles are dispersed with higher distribution density for a known volume fraction φ.
The larger quantity of particles can intensely interact with fluid molecules and the contiguous solid
surfaces during contact, leading to higher possibility of heat transfer from contact and relatively larger
viscosity ratios.

The effectiveness of nanoparticles in mixed regime of lubrication is an important finding as the
frictional losses mostly occur at low speed reversals in reciprocating contacts. Styles et al. [67] showed
that a third of all piston ring-cylinder losses in IC engines occur at the piston reversal point at the top
dead center in transition between the compression and the power strokes.

Figure 6 shows the variation of heat generation rate, dQ/dt, with the average contact temperature.
The average contact temperature increases with sliding velocity. There is an initial rise because of direct
asperity interactions (from 293 to 294 K), which reduces thereafter with gradual formation of a lubricant
film during mixed regime of lubrication (from 294 to 295 K). After the transition to hydrodynamic regime
of lubrication, the only mechanism of heat generation is viscous shear. Therefore, heat generation rate is
directly proportional to the sliding velocity (from 295 to 299 K). The heat generation rate for nanofluids
is slightly lower than the base lubricant during mixed regime of lubrication because of improved
viscosity and thermal conductive properties of the nanofluids. The relatively more stable viscosity
of nanofluids leads to marginally thicker lubricant films (Figure 7a) and viscous friction (Figure 4).
Figure 7b shows the predicted minimum film thickness ratio in comparison to the ratio inferred from
the measured coefficient of friction in the prevailing hydrodynamic regime of lubrication. The film
ratios are only under-predicted by up to 3% compared with the experimentally inferred values.
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5. Conclusions

The viscosity and tribological behavior of diamond nanofluids are studied using PAO6 as the
base lubricant. The effect of nanoparticle concentration, size, shape and contiguous fluid nanolayer
is investigated. The sensitivity of viscosity ratio to temperature is explored in thin tribological
contact conjunctions. Thermal conductivity and viscosity are related through structural properties
and surface-to-area ratio of nanoparticles. Hence, the thermal and viscosity properties of diamond
nanofluids are inseparable as one affects the other. Any potential improvement in the thermal
conductivity of diamond nanofluids can promote greater interaction of particles with the contiguous
solid surfaces in narrow tribological conjunctions, thus increasing the viscosity ratios with the rise in
contact temperature and reducing the coefficient of friction in instances of a mixed regime of lubrication.
A reduction of up to 10% in the coefficient of friction is measured relative to the PAO6 lubricant alone.
A detailed new analytical model is presented which accurately predicts the tribological behavior of
the nanofluids, which conform to the measurements. At a known volumetric concentration, smaller
nanoparticles represent higher distribution density, consequently suggesting a higher rate of heat
transfer through a larger quantity of particles.
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