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ABSTRACT

In this paper, we consider experimental data available for graphene-based nanolubricants to evaluate their convective heat transfer perfor-
mance by means of computational fluid dynamics (CFD) simulations. Single-phase models with temperature-dependent properties are
employed for this purpose. The base fluid is a polyalkylene glycol, and we show the effect of the addition of carbon nanohorns and graphene
nanoplatelets (GNPs), in different volume fractions, on the convective heat transfer coefficient between two parallel plates. Then, an applica-
tion to hydrodynamic lubrication is discussed. The extreme in-plane thermal conductivity of graphene allows a smaller temperature rise of
the GNP-based nanolubricant, i.e., a more effective heat removal. To the best of our knowledge, this work represents the first application of
single-phase nanofluid models to hydrodynamic lubrication.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0193228

I. INTRODUCTION

Nanofluids are stable colloidal suspensions obtained by adding
nanometer-sized particles to a base fluid and present novel rheological
and heat transfer properties that can be exploited in many engineering
fields. In recent years, the use of nanoparticles for the functionalization
of fluids has acquired a growing interest in tribology. In fact, thanks to
their superior thermal, frictional, and anti-wear properties, nanolubri-
cants are demonstrated to be potentially critical in a variety of tribolog-
ical applications, principally when a low coefficient of friction, a
reduced wear rate, and/or an large heat removal is required.

Within this frame, carbon-based materials, such as graphene, gra-
phene oxide (GO), carbon nanotubes (CNTs), carbon nanohorns
(CNHs), and carbon nano-onions (CNOs) as dispersed phases in
nanofluids are extremely interesting and have been the object of several
experimental investigations.1–12 The most significant properties of the
resulting suspensions that have been observed are a non-Newtonian
rheological behavior and an increased thermal conductivity.13 From
the tribological point of view, the lubricating properties, e.g., of

graphite and two-dimensional (2D) materials (e.g., graphene) are well-
known in dry contacts,14 but they are demonstrated to be exceptional
candidates also as lubricant additives. In this case, more than a reduced
coefficient of friction (generally in the range 5%–30%), the most rele-
vant effect is the wear reduction of the surfaces in contact. More in
general, the use of carbon-based materials for loading nanofluids has a
relevant technological interest in several fluid dynamics-related
domains.15–18

The numerical simulations of fluid flow and heat transfer in
nanofluids are generally carried out following two alternative
approaches: single- or two-phase modeling.19–21 Single-phase models
for particle suspensions in fluids are based on a continuum representa-
tion of the nanofluid, which is considered a standard fluid with effec-
tive properties (as a function of the nanoparticle volume fraction). The
main idea behind single-phase modeling is that the nanoparticles
move exactly at the same velocity as the base fluid and are in thermal
equilibrium with the surrounding medium. This approach is justified
by a very small Stokes number Stk of the suspension, which leads to
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acceptable results in many heat transfer and fluid flow applications.
Specifically, the value of Stk is given by

Stk ¼ tou0
l0

; (1)

where t0 is the characteristic relaxation time of the particle, and u0 and
l0 are the reference flow velocity and the characteristic flow length,
respectively.

Several approaches exist to compute the effective physical proper-
ties of a nanofluid, and one of the first ideas was proposed by
Einstein.22 In two-phase models, instead, the nanoparticles are taken
into account as a separate phase mixed with the base fluid. The idea
behind this approach is mainly related to a possible non-zero slip
velocity between each particle and the surrounding fluid; thus, the con-
servation equations are those employed for mixtures. Many authors
claim a higher accuracy of two-phase models, but at the cost of an
increased complexity and computational expense.

Several works in the literature deal with the computational treat-
ment of nanofluids, but only a few papers are focused specifically on
graphene and, in general, on carbon-based nanolubricants. For
instance, Amiri et al.23 present a computational fluid dynamics (CFD)
study on the heat transfer properties of functionalized graphene
nanoplatelet (GNP)-based nanofluids over a backward facing step. By
employing single-phase models at constant temperature, the authors
show the effect of the nanoparticle volume fraction on the convective
heat transfer coefficient and on some recirculation phenomena driven
by the geometry. Khaliq et al.,24 instead, show the effect of graphene
nanoflake content on the efficiency of polymerase chain reaction. To
this end, they employ also single-phase CFD simulations to study the
improved thermal performance of the nanofluid with respect to the
base fluid. In all the cases, the modeling of the rheology of the nano-
fluid, especially the correct estimation of the viscosity, results to be fun-
damental for a quantitative description of the physical phenomena.

Shahmohamadi et al.25 use a Lagrangian model with cavitation to
evaluate the thermal and frictional performance of a nanolubricant
with respect to the base fluid. They show the improved heat transfer
properties of the nanofluid, while no significant friction reduction is
observed numerically. The presented analysis is carried out only for a
specific nanolubricant formulation, i.e., for only one nanoparticle vol-
ume fraction.

Despite the above-mentioned works in the literature, to the best
of our knowledge, a CFD study of the tribological (i.e., frictional) prop-
erties of carbon-based nanolubricants is still missing. As reported
above, indeed, almost all the CFD literature on nanofluids is focused
on the modeling of the effective properties and/or of the thermal
behavior. The main novelty of this work, in fact, is the study of the
hydrodynamic lubrication in the case of a very simple geometry (i.e.,
the plane slider bearing) with a focus on the enhancement of the load-
carrying capacity and the reduction in sliding friction thanks to the
loading of nanofluids with different volume fractions of nanoparticles.

A first objective of the present work is to quantitatively describe
the convective heat transfer properties of graphene-based nanolubri-
cants, with a particular focus on their exploitation in hydrodynamic
lubrication. We employ single-phase nanofluid models to derive the
rheological and thermal properties of the nanolubricants as a function
of the nanoparticle volume fraction. Then, we study the convective
heat transfer in a confined geometry by means of CFD simulations

and extract the convective heat transfer coefficient, considering the
temperature dependence of the fluid properties. Finally, we employ
this result to study the hydrodynamic lubrication in a plane slider
bearing, and we attempt to extract also macroscopic tribological quan-
tities (namely, the load-carrying capacity of the bearing and the coeffi-
cient of friction) as a function of the nanoparticle volume fraction.

II. SINGLE-PHASE MODELING
A. Base fluid and nanoparticle properties

The base fluid considered here is a polyalkylene glycol (PAG)
lubricant, which is largely employed in several industrial applications,
such as hydraulic systems, compressors, and gearbox lubrication.26–28

A peculiarity of PAG lubricants is their large oxygen content, which
gives them an intrinsic polarity and can thus affect their interactions
with dispersed phases.29 The main physical properties of the PAG
lubricant considered here are listed in Appendix A, where T is the tem-
perature, q the density, c the specific heat capacity, l the dynamic vis-
cosity, and k the thermal conductivity.

Recently, several PAG nanofluids have been developed,9,30,31 with
the objective of achieving superior thermal and tribological perfor-
mance. In this work, we consider the nanofluid obtained by CNHs as a
dispersed phase, whose main properties are taken from the literature32

and listed in Table II in Appendix A. Despite CNHs having a very com-
plex shape, here we assume they can be approximated by a sphere with
isotropic properties and r denotes the average nanoparticle radius.

In addition to the PAG-CNH nanofluid data available in Ref. 9, we
hypothesize also the use of GNPs for the functionalization of the same
base fluid. Again, the GNP properties are taken from the literature33 and
listed in Table III in Appendix A. In contrast to CNHs, GNPs present
strongly anisotropic mechanical, electrical, and thermal properties; thus,
at least two directions (i.e., longitudinal and transversal) must be taken
into account. l and d denote the average nanoparticle length and thick-
ness, respectively, while kp is the in-plane thermal conductivity, here
assumed to be equal to the in-plane conductivity of CNTs.

Both in the case of the PAG-CNH and of the PAG-GNP nanolu-
bricant, the following nanoparticle volume fractions u are considered:
0.00% (i.e., the base fluid), 0.05%, 0.10%, 0.25%, and 0.50%.

B. Effective properties

The effective density and specific heat capacity of the nanolubri-
cants as a function of u are computed by using the following mixture
rules:

qeff ¼ qb 1� uð Þ þ qp u; (2)

qeff ceff ¼ qb cb 1� uð Þ þ qp cp u; (3)

where the subscripts b and p refer to the base fluid and the nanopar-
ticles, respectively.

The Maron–Pierce’s model34 is employed here to model the effec-
tive dynamic viscosity of the considered nanolubricants:

leff
lb

¼ 1� u
uM

� ��2

; (4)

where uM has the physical meaning of a maximum volume fraction.
For the PAG-CNH nanolubricant, we can introduce a fractal-like
nanoparticle aggregation, i.e., the spontaneous formation of clusters,

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 053106 (2024); doi: 10.1063/5.0193228 36, 053106-2

Published under an exclusive license by AIP Publishing

 11 M
ay 2024 18:50:19

pubs.aip.org/aip/phf


by substituting u in Eq. (4) with ua, which is an equivalent volume
fraction given by35,36:

ua ¼ u
ra
r

� �3�D

; (5)

with ra being the average cluster radius and D� 1.8 is taken as fractal
index.36 The resulting modified Maron–Pierce’s formula, from Eq. (4),
is:

leff
lb

¼ 1� u
uM

ra
r

� �3�D
" #�2

: (6)

The experimental data of the viscosity of the PAG-CNH nanofluid are
taken from Ref. 9 and the best-fit through Eq. (6), as shown in Fig. 1,
gives uM� 6.6% and ra� 80 nm as fitting parameters.

For the PAG-GNP nanolubricant, instead, given the elongated
shape of GNPs and thus the difficulty in defining a cluster and a
related radius, we do not consider nanoparticle aggregation. Therefore,
we employ the original formulation expressed through Eq. (4). In the
same figure, we plot the data related to the PAG-GNP nanofluid,
whose experimental values are taken from Ref. 33, where, strictly
speaking, the authors present an investigation on water-GNP nano-
fluids. However, in a first approximation and neglecting high-order
effects, e.g., due to interactions at the molecular level, we can assume
that the addition of nanoparticles has the same effect (i.e., the same
law for leff

lb
as a function of u) on the macroscopic rheological behavior

of the PAG nanolubricant considered in this work. In this case, the
best-fit through Eq. (4) gives uM� 9.6%. Note from Fig. 1 that the two
nanofluids present very similar values for the effective dynamic viscos-
ity, although the shape of the nanoparticles is different. The single-
phase models used here, in fact, do not allow to describe the nanoscale
behavior of the suspension, for instance, the orientation of elongated
nanoparticles with respect to the direction of shear, despite being suit-
able for a precise match of the experimental (i.e., macroscopic) data.

For the determination of the effective thermal conductivity of the
PAG-CNH nanolubricant, here we employ a simplified Nan’s
model37,38:

keff
kb

¼ 1þ u
3

bkp
kb

; (7)

where the Kapitza resistance RK (also known as interfacial thermal
resistance) is introduced through:

bkp ¼ kp

1þ RK kp
r

: (8)

The best-fit of the experimental data through Eq. (7), as shown in
Fig. 2, gives the combination RK� 4� 10�9m2 K W�1 and kp� 45W
m�1 K�1, which are reasonable values for a CNH-based composite, as
found elsewhere.39

In order to model the effective thermal conductivity of the PAG-
GNP nanolubricant, instead, the anisotropic thermal properties of the
graphene nanoplatelets must be taken into account. Therefore, we use
the Xue’s equation for carbon nanotube-based composites40:

3 1� uð Þ keff � kb
2 keff þ kb

þ u
3

keff � kp;l
keff þ B kp;l � keff

� �þ 2 keff � kp;d
� �

keff 1� Bð Þ kp;d � keff
� �" #

¼ 0; (9)

where B is a dimensionless coefficient depending on the nanoparticle
aspect ratio (i.e., ld) and is close to zero for very large aspect ratios, as in
our case (see Table III in Appendix A). The longitudinal and transver-
sal thermal conductivities, kp,l and kp,d, respectively, are given by:

kp;l ¼
kp

1þ 2Rk kp
l

; (10a)

kp;d ¼
kp

1þ 2Rk kp
d

: (10b)

The employed value for the interfacial thermal conductivity of GNPs is
RK� 1� 10�8m2 K W�1, which is taken from non-equilibrium
molecular dynamics simulations of few-layer graphene in water.41

FIG. 1. Effective dynamic viscosity of CNH and GNP-based nanofluids: experimen-
tal values vs single-phase models.

FIG. 2. Effective thermal conductivity of CNH and GNP-based nanofluids: experi-
mental values vs single-phase models.
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The solution of Eq. (9) is obtained iteratively, and the result is shown
in Fig. 2. Due to the extreme in-plane thermal conductivity of gra-
phene, the effective conductivity of the GNP-based nanolubricant is
much larger than that computed for the PAG-CNH, up to about 170%
for u¼ 0.5%. Therefore, as we will show more in detail in Sec. III B,
the PAG-CNH and the PAG-GNP nanolubricants present a very dif-
ferent behavior in terms of thermal performance. This is due to the dif-
ference in the effective thermal conductivity of the nanofluid, which is
largely affected by the in-plane conductivity of graphene with respect
to quasi-spherical carbon nanoparticles.

C. Temperature dependence

We assume that each effective property of the nanofluids follows
exactly the same temperature dependence of the corresponding prop-
erty of the base fluid (Table I in Appendix A). In other words, we
assume that the ratios qeff

qb
, ceffcb ,

leff
lb;

and keff
kb

are constant with temperature.
We believe this is a good approximation of the actual behavior of the
considered nanofluids. In fact, in the typical range of temperature vari-
ation of a lubricant (e.g., from ambient temperature to about 100 �C),
the properties of the nanoparticles can be considered constant. Instead,
the properties of the base fluid can exhibit a strong variation also in a
relatively small temperature range, especially in the case of the
dynamic viscosity, which is of outmost importance in the determina-
tion of the rheological performance of a tribological contact.

III. CFD SIMULATIONS OF THE CONVECTIVE HEAT
TRANSFER
A. Simulation details

Laminar CFD simulations are carried out in order to evaluate the
convective heat transfer properties of the considered nanolubricants;
similar approaches have already been followed for single-phase nano-
fluid models (see, e.g., Ref. 42). The complete set of equations solved is
reported in Appendix B.

Here, we consider two infinite parallel plates, with length L¼ 2.00m
and separated by a distance D¼ 0.05m. The geometry is discretized with
a quadrilateral mesh and a mesh convergence study is carried out in order
to select the optimal cell size. Considering the variation on the wall tem-
perature Tw,out at the outlet, we choose a mesh of 8000� 20 elements, i.e.,
with square elements with a side length of 0.25mm, which allows a toler-
ance below 0.3% in terms of grid independence.

We apply the following boundary conditions:

• the flow at the inlet has a constant velocity U¼ 0.025m s�1 and a
temperature Tin¼ 305K;

• the pressure at the inlet and at the outlet is set to the atmospheric
pressure, i.e., pin¼ pout¼ patm¼ 101 325 Pa;

• a constant heat flux q¼ 1000W m�2 is applied at the walls;
• no-slip velocity boundary conditions at the walls;
• “outflow” boundary conditions at the outlet.

The corresponding Reynolds number, taking into account the
values of the density and dynamic viscosity at the inlet temperature, is
Re� 20 and, given that D=L � 1, the flow results both hydrodynami-
cally and thermally fully developed at the outlet.43

The Navier–Stokes–Fourier’s system of equations is solved with
the finite-volume method. A first-order upwind scheme is used to
obtain an initial convergence (up to a residual of 10�5 for continuity
and momentum equations and 10�6 for the energy equation), and

then, the result is further refined with a QUICK discretization
scheme.44 The SIMPLEC algorithm is employed here for pressure–
velocity coupling.45

B. Convective heat transfer coefficient

The convective heat transfer coefficient is computed as:43

h xð Þ ¼ q
Tw xð Þ � Tc xð Þ ; (11)

where Tc is the centerline temperature, Tw is the temperature of the
fluid at the wall, and x is the longitudinal coordinate.

Figures 3(a) and 3(b) show the trend of h as a function of the
dimensionless coordinate x=D and of the considered volume fractions
of nanoparticles, for the PAG-CNH and PAG-GNP nanolubricants,
respectively. After the initial transient up to about 30% of the pipe
length, the flow becomes thermally fully developed, as anticipated
above, and h maintains a constant value. It is possible to quantify the
higher effectiveness of graphene nanoplatelets, with respect to carbon
nanohorns, in improving the heat transfer performance of the nano-
fluid. For u¼ 0.05%, 0.10%, 0.25%, and 0.50%, the asymptotic value

FIG. 3. (a, top) and (b, bottom): Convective heat transfer coefficient as a function of
the dimensionless coordinate and of the nanoparticle volume fraction for the PAG-
CNH (top) and PAG-GNP (bottom) nanolubricants.
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of h results 8%, 15%, 37%, and 72%, respectively, larger for the GNP-
based nanofluid.

IV. CASE STUDY: HYDRODYNAMIC LUBRICATION
A. Introduction

In this section, we apply the single-phase models for the modeling
of the PAG-based nanolubricants introduced above to hydrodynamic
lubrication. The objective is to evaluate the heat transfer performance
of the considered nanolubricants in the case of a plane slider bearing
geometry and also to estimate the effect of nanoparticle volume frac-
tion on some tribological characteristics, namely the load-carrying
capacity of the bearing and the overall coefficient of friction.

The fundamental equation of fluid film lubrication was intro-
duced by Reynolds at the end of the 19th century:46

@

@x
qH3

l
@p
@x

� �
þ @

@y
qH3

l
@p
@y

 !
¼ 6 vx

@ qHð Þ
@x

; (12)

where H xð Þ is the fluid film thickness, p x; yð Þ is the pressure field, and
vx is the velocity of the moving wall. The solution of Eq. (12) can be
easily derived analytically in the case of constant fluid properties (i.e., q
and l).47 One of the main results that can be obtained from the inte-
gration of the Reynolds equation is the pressure variation in the bear-
ing, also known as the load-carrying capacity.

A generalized Reynolds equation with variation of the fluid prop-
erties along and across the lubricant film has also been proposed.48

However, the simultaneous temperature dependence of the density
and the viscosity, as well as the variation of the temperature along and
across the lubricant film, makes a closed-form solution very difficult to
obtain. Therefore, a numerical solution is quicker and more efficient.
For this reason, in this work, we employ a CFD approach allowing to
consider the temperature-dependent density, specific heat capacity,
dynamic viscosity, and thermal conductivity of the nanofluid. Since
the main focus of the work is on evaluating the performance of differ-
ent formulations of nanolubricants, we consider mainly different pos-
sible volume fractions of nanoparticles and keep constant all other
fluid dynamic parameters (e.g., the Reynolds number), following the
setup described in Sec. III A.

B. Simulation details

In this work, we consider a plane slider bearing and we employ
CFD simulations to solve the complete Navier–Stokes–Fourier’s sys-
tem of equations. In this way, it is possible to consider the temperature
increase in the fluid due to the viscous heating and thus to take into
account the temperature-dependent properties of the nanofluid, as
already done in Sec. III A.

The considered geometry, as schematized in Fig. 4, is composed
of two convergent surfaces with Hin¼ 20lm, Hout¼ 10lm,
L¼ 10mm, and an infinite out-of-plane dimension. The top wall
is kept stationary, while the bottom wall slides with a constant
velocity vx¼ 5m s�1. The boundary conditions for the pressure are
pin¼ pout¼ patm¼ 101325Pa, while the inlet temperature is set to
Tin¼ 305K. The geometry is discretized with 10000� 14 quadrilateral
cells. The convergence study is not shown here, for brevity, and we use
all the discretization schemes described in Sec. III A.

C. Convective vs adiabatic temperature rise

So far we have demonstrated the superior thermal performance of
the PAG-GNP nanolubricant with respect to the PAG-CNH
nanolubricant, quantified by the asymptotic value of the convective heat
transfer coefficient. Now we make use of the computed values of h as
boundary conditions in the plane slider bearing, i.e., the walls are able to
extract heat through convection. Note that this is consistent with the
previous CFD simulations because two parallel infinite plates have been
considered. The obtained mean temperature rise of the lubricant, given
by the difference DTc ¼ Tout � Tin averaged between the moving and
the sliding wall, is compared to the mean adiabatic temperature rise
DTa, i.e., obtained with adiabatic walls as boundary conditions.

In Fig. 5, the quantity DT ¼ DTa � DTc, as variation with
respect to the case u¼ 0.00%, is plotted for the two nanolubricants as
a function of the nanoparticle volume fraction. We observe that DT
increases almost linearly with u, with the graphene nanoplatelet-based
fluid allowing a heat extraction up to about 60% higher than the PAG-
CNH system, for the maximum volume fraction.

D. Load-carrying capacity and coefficient of friction

The pressure distributions inside the bearing are shown in Figs. 6(a)
and 6(b) for the PAG-CNH and the PAG-GNP nanolubricant,
respectively. Figure 7, instead, displays the total load-carrying

FIG. 4. Plane slider bearing geometry and dimensions.

FIG. 5. Adiabatic-convective temperature rise difference as a function of the nano-
particle volume fraction for the considered nanolubricants.
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capacity Fn, provided by Eq. (14b), as a function of the nanoparticle
volume fraction for both nanofluids. The result is very similar for
both nanofluids because the pressure in the bearing is mainly dependent
on the fluid viscosity (Fig. 1). Accordingly, an increased nanoparticle
volume fraction increases the load-carrying capacity of the bearing. The
pðxÞ function shows the typical trend given by the solution of the
Reynolds equation but, as stated above, here it is more precise since we
are bypassing approximations related to the physical properties. In addi-
tion, the concomitant effect of viscosity increase due to an increasing
nanoparticle volume fraction and the viscosity reduction due to an
increasing temperature slightly moves the location of the pressure peak
toward the inlet for an increasing u.

In principle, it is possible to compute the coefficient of friction of
the considered bearing through the ratio:47

f ¼ Ft
Fn

; (13)

where Ft and Fn are the tangential and the normal force per unit width,
respectively, and are given by the integrals:

Ft ¼
ðL
0
sw dx; (14a)

Fn ¼
ðL
0

p xð Þ � patm½ � dx; (14b)

where sw is the shear stress at the wall.
In Fig. 8, we plot the variation Df of the coefficient of friction as a

function of u for the considered nanolubricants, with respect to the
base fluid. As expected, f decreases for an increasing nanoparticle vol-
ume fraction, mainly due to the increase in the load-carrying capacity
displayed in Fig. 7. However, the variation with respect to the base
fluid is very small if compared to the experimental data reported in the
literature. We believe that this can be attributed to the fact that in gen-
eral the optimal tribological performance of a nanofluid is observed in
the regime of boundary or mixed lubrication, where there is an
increase in the load-carrying capacity due to the presence of dispersed
hard nanoparticles. Additionally, the nanoparticles can also interact

FIG. 6. (a, top) and (b, bottom): Pressure distributions inside the bearing as a func-
tion of the dimensionless coordinate and of the nanoparticle volume fraction for the
PAG-CNH (top) and PAG-GNP (bottom) nanolubricants.

FIG. 7. Load-carrying capacity of the bearing computed through Eq. (14b) as varia-
tion with respect to the case of the base fluid, as a function of the nanoparticle vol-
ume fraction for the considered nanolubricants.

FIG. 8. Coefficient of friction computed through Eq. (13) as variation with respect to
the case of the base fluid, as a function of the nanoparticle volume fraction for the
considered nanolubricants.
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with the surface roughness. Here, the considered case of hydrodynamic
lubrication and the use of single-phase models do not allow to high-
light these phenomena, but a general trend in reducing friction is
retrieved.

V. CONCLUSIONS

In this paper, we have applied single-phase models to graphene-
based nanolubricants, in order to evaluate their heat transfer properties
by means of CFD simulations with temperature-dependent properties.
We have shown how the physical properties of the nanoparticles have
a great impact on the overall thermal properties of the nanofluid:
thanks to the high in-plane thermal conductivity of the GNPs, we have
quantified the increase in convective heat transfer coefficient of the
related nanolubricant with respect to the PAG-CNH system.

In addition, to the best of our knowledge, this work represents
the first application of single-phase nanofluid models to hydrodynamic
lubrication. Also in this case, the thermal conductivity of the nanopar-
ticles plays a fundamental role, affecting the temperature rise of the
fluid. Conversely, the viscosity of the nanolubricant affects the load-
carrying capacity and the coefficient of friction of the bearing, which
we have computed as a function of the nanoparticle volume fraction.
Despite viscosity index improvers and/or polymer thickeners are also
available in industry and in technical literature, the use of nanofluid-
based lubricants brings significant benefits, above all in terms of effi-
cient heat dissipation, precise viscosity tuning (also as a function of
temperature), and reduced wear of the contacting surfaces.

We believe the results of the present work can provide useful
insight for the development of novel and high-performance carbon-
based nanolubricants. Future research should be addressed to the
investigation of mixed or boundary lubrication regimes, where the
nanoparticles can be more effective from the tribological point of view,
by employing more advanced modeling techniques. In this case,
indeed, a single-phase model should be overcome in order to take into
account potential contacts within solids.50 The experimental valida-
tions in example applications should be considered within future
research efforts, with special emphasis on optimized nanofluid formu-
lations for low-wear and low-friction applications.

Another interesting field of application of the proposed approach
is represented by nano- and microscale-engineered fluids with specific
magnetic properties, whose research efforts have been centered so far
on the modulation of the ferrofluid dynamics toward achieving aug-
mented fluidic functionalities.51–54
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APPENDIX A: BASE FLUID AND NANOPARTICLE
PROPERTIES

APPENDIX B: CFD SYSTEM OF EQUATIONS

The governing equations of the fluid flow describe the funda-
mental principles of mass, momentum, and energy conservations,
which are given, respectively, by

@q
@t

þr � qUð Þ ¼ 0; (B1)

q
DU
Dt

¼ �rpþr � sþ qg; (B2)

q
De
Dt

þ p r � Uð Þ ¼ @Q
@t

�r � qþU; (B3)

where U is the fluid velocity, s is the viscous stress tensor, g is the
body force tensor (here of inertia), e is the energy, Q is the heat
source term, r � q is the heat loss by conduction (given by the
Fourier’s law), and U is a dissipative term.

TABLE I. Temperature-dependent physical properties of the considered base fluid
(from Refs. 26–28]).

T (K) q (kg m�3) c (J kg�1 K�1) l (Pa s) k (W m�1 K�1)

293 1000.0 1933.4 0.0973 0.1480
303 992.0 1966.7 0.0689 0.1475
313 984.0 2000.0 0.0489 0.1470
323 976.0 2033.3 0.0346 0.1465
333 968.0 2066.6 0.0246 0.1460
343 960.0 2099.9 0.0174 0.1455
353 952.0 2133.2 0.0123 0.1450
363 944.0 2166.5 0.0088 0.1445
373 936.0 2199.8 0.0062 0.1440

TABLE II. Physical properties of the considered CNHs at T¼ 298 K (from Ref. 32).

Property Value

q 500.0 kg m�3

c 800.0 J kg�1 m�1

r 40.0 nm

TABLE III. Physical properties of the considered GNPs at T¼ 298 K (from Ref. 33).

Property Value

q 100.0 kg m�3

c 800.0 J kg�1 m�1

k 3000.0W m�1K�1

l 2000 nm
d 2 nm
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In the general case, the solution of the Eqs. (B1)–(B3) requires
a numerical technique. In this work, we employ the finite-volume
method, which is the most popular method used in CFD simula-
tions and is implemented in several commercial and open-source
codes. The details of the discretization and the numerical solution
(including a treatment on numerical stability) can be found in the
specialized literature.49

With reference to the CFD simulation of the plane slider bear-
ing reported in Sec. IV B, we implement the following boundary
conditions:

• an inlet pressure equal to the ambient pressure (i.e.,
pin¼ patm¼ 101 325 Pa);

• an outlet pressure, again, equal to the ambient pressure (i.e.,
pout¼ patm¼ 101 325 Pa);

• a no-slip velocity boundary conditions on the walls of the
bearing;

• a constant x-velocity of the bottom wall of the bearing equal
to vx¼ 5m s�1, which transfers the motion to the surrounding
fluid;

• an inlet temperature equal to the ambient temperature (i.e.,
Tin¼ 305K);

• “outflow” boundary conditions at the outlet for both temperature
and velocity;

• a zero wall heat flux, so that the heating of the fluid and the tem-
perature rise are only given to the viscous (i.e., frictional)
dissipation.

The numerical procedure, in brief, involves the following con-
secutive steps:

(1) creation of the geometry and import into the solver;
(2) creation of the mesh according to the chosen discretization;
(3) numerical solution of the Eqs. (B1)–(B3) by means of the solver

and by employing a second-order upwind scheme;
(4) extraction of the basic quantities (i.e., fluid flow velocity and

temperature) for each mesh element;
(5) integration of the basic quantities to obtain derived quantities,

such as mass flow rates, pressures, and shear stresses;
(6) offline calculation of the overall forces according to Eqs. (14) and

of the coefficient of friction of the bearing according to Eq. (13).
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