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a b s t r a c t

The addition of nanoparticles is one of state of the art methods to enhance the thermophysical and heat
transfer characteristics of cooling and lubricating fluids. Exploring the energy-saving potentials of novel
material Carbon Nano Tube (CNT) as a lubricant additive is the primary focus of this study. The thermal
and rheological properties of Poly Alkylene glyco l (PAG)-CNT nanolubricant at different volume fractions
are investigated to pose as an energy-efficient alternative lubricant in vapour compression refrigeration
systems. Furthermore, genetic algorithm-based regression correlations are proposed to predict the ther-
mal conductivity and viscosity of the nanolurcant. The results show that the CNT has the potential to
improve the thermophysical and rheological characteristics of the lubricant. Experimental results show
that the presence of tubular-shaped CNT particles enhances the thermal and rheological characteristics
of the colloidal suspension. The proposed regression models exhibit excellent agreement with the exper-
imental data. Studies revealed that the potentials of CNT-PAG nanolubricant as an alternative lubricant
for refrigerant compressors is excellent and will eventually improve the energy efficiency and overall per-
formance of refrigeration systems and which in turn leads to the development of energy-efficient HVAC
systems.
Copyright � 2022 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Confer-
ence on Artificial Intelligence & Energy Systems.

1. Introduction

The world energy consumption is expanding exponentially per
year. The increase in the numbers of refrigeration and air-
conditioning systems both in commercial, industrial, and residen-
tial sectors is one of the major reasons for the expanding pattern
of energy consumption across the globe. Because of energy security
and environmental concern, the energy efficiency of such systems
needs to be enhanced. The emergence of nanotechnology leads to
the development of superior materials and heat transfer media
having better thermal, mechanical, and morphological characteris-
tics which will benefit in energy, communication, biomedical, and
other diverse sectors [1,2]. Increasing demands in energy, minia-
turization of systems, and precarious economic crisis mandate

energy-efficient and high-performing cooling media and lubricat-
ing fluids in diverse thermal applications and systems.

One [2] of the fortunate approaches to increase the thermal
transport phenomena in conventional heat transfer fluids is the
use of nanoparticles as colloidal material [3]. Low thermal conduc-
tivity and heat transport capabilities are the primary hurdles to
overcome for the development of sustainable and efficient systems
in the arena of heat transfer. Thus it is imperative to increase the
thermophysical and heat transport characteristics of these fluids
from an energy-conserving perspective. Present and future HVAC
systems would necessitate energy-efficient primary and secondary
working fluids such as refrigerants and lubricants. Consequently,
investigations on energy saving through heat transfer enhance-
ment and better tribological performance have gained great atten-
tion nowadays [4]. The addition of nanoparticles to the
conventional heat transfer fluids as a heat transfer modifier has
been gained consideration for the past few years [5]. Recently car-
bon and its novel allotropes such as CNT, fullerene, and nanotubes
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have emerged as an excellent additive to the coolant, lubricants,
and heat transfer fluids including refrigerants, due to its remark-
able, unique thermal, mechanical, electrical, and optical proper-
ties[6,7]. However, CNT, among them is not effectively explored
as an additive to the lubricants and refrigerants to enhance the
thermophysical and tribological performance. The innovative
lubricants appended with novel one-dimensional CNT nano-
platelets are expected to have outstanding potentials in energy
conservation outlook, especially in refrigeration and air condition-
ing systems. The application of ultra-fine metal, ceramic, oxides,
composite particles has been employed as an additive to lubricat-
ing oils for improving their thermophysical, heat transfer, friction
reduction, and anti-wear properties [8,9,10,11]. The studies about
the thermal, rheological, and tribological properties of coolants,
lubricants, thermal fluids, etc. suspended with nano-sized particles
in the literature emphasize the heat transfer augmenting poten-
tials [12,13,14]. Many researchers have established the potentials
of nano-sized metallic, ceramic, and oxide particles as an additive
to improve thermo physical properties thermo fluids [15]. The rhe-
ological behavior of nano lubricants is least characterized by
researchers [17,18,14], few of them established the temperature
and particle concentration dependence on these properties. The
nanolubricants display reduced apparent viscosity at elevated tem-
perature, moreover, with smaller particle size, a significant
increase in viscosity has not been observed. However, reverses
trends were reported with increased volume fraction [19]. As far
as the rheological properties of nanofluids are concerned, we can-
not forecast a specific behaviour. Different nanoparticles have dif-
ferent morphological characteristics, which may exhibit unusual
behaviour within the host fluids. Aberoumand et al. reported that
Ag-based nano-oil behaved as a non-Newtonian fluid at a very
low particle mass fraction. The comprehensive experimental stud-
ies concerning the thermal and rheological features of CNTs
appended with poly alkylene glycol-based refrigerant compressor
oil are not reported in the literature. Unfortunately, the studies
about the shear-dependent viscosity and flow behaviour of CNT-
PAG nanolubricants and correlations to predict the behaviour are
unavailable in literature to the best of the author’s knowledge
and belief. In the present investigation, comprehensive studies on
the thermophysical and rheological behaviours of CNT-PAG
(Refrigerant compressor oil) nanolubricant at different volume
fractions, temperature, and shear rates have been performed
according to ASTM standards. Moreover, genetic algorithm-based
regression correlations are proposed to predict the thermal con-
ductivity and viscosity of CNT-PAG nanolubricant by considering
the effect of particle concentration, temperature, density, and
shear rate. These studies will eventually lead to the development
of energy-efficient refrigeration systems.

2. Materials and characterization

Multiwalled CNTs procured from SIGMA ALDRICH (USA) are
used for the experimental studies. Polyalkylene Glycol (PAG) lubri-
cant is used as the base lubricant. The morphological properties
such as shape, size, etc., of the particles, are carried out with the
help of Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM). The distribution and shape of dry
CNT nanoparticles and their suspension are shown in the SEM
and TEM images Fig. 1(a) and (b) respectively. SEM images of the
particles show that they are tubular in shape and are seems to
be flocculated in the dry state. These flocculants can be segregated
using a magnetic stirrer and ultrasonic agitator during the prepara-
tion of nanolubricants. According to TEM images, the suspension is
found to be homogeneous and the particles are well dispersed and
distributed within the host fluid. It is also observed that the

nanoparticles exhibit similar morphological characteristics such
as physical appearance, shape, and size in the suspension.

The two-step method is used to prepare the nanolubricants at
various volume concentrations. Five different particle concentra-
tions are considered for the studies (0.03–0.2 vol%). The primary
disintegration process of CNTs within the base lubricant was car-
ried out with the aid of a magnetic stirrer for 1 h, and the samples
are ultrasonically agitated using an ultrasonic agitator at a fre-
quency of 40 kHz to homogenize the colloid, for 6 h. Visual inspec-
tions are performed first to identify any indication of
sedimentation or coagulation. No evidence was noticed after five
days of preparation according to visual inspection. To quantify
the stability of nanolubricant samples, U-V visible spectroscopy
analysis is conducted.

2.1. Measurement of stability

Ultraviolet–visible spectroscopy is widely used to analyze fluids
and solids with the help of ultraviolet radiant energy and visible
and near-infrared energy of the electromagnetic spectrum. The
transmitted light from the sample provides the absorbance spectra
of the sample fluid. The analytical values can be represented in
terms of the absorbance of light energy. The basic principle of anal-
ysis is Bouguer-Beer law or Beer-Lambert rule, which states that
the absorbance of a solution is directly proportional to the concen-
tration of the species in the solution and the path length. In the
present study, the stability of nanolubricants is measured with
UV–vis spectroscopy, by determining the absorbance after the first
and fifth days of preparation.

2.2. Measurement of thermal conductivity

The thermal conductivity of base lubricant and nanolubricants
at different volume concentrations are measured with KD2 Pro
thermal property analyzer. The principle of operation is the tran-
sient hot-wire method. Thermal conductivity with an accuracy of
±0.001 could be measured by this device. The apparatus meets
international standards such as ASTM D5334-14 and IEEE 442-
1981. A constant temperature circulator with an accuracy of
0.01 �C is used to maintain the temperature of the sample constant.
Measurements are conducted repetitively. Based on the deviation
between the thermal conductivity of calibration standard fluid
and the measured thermal conductivity, the measurement error
is estimated and the thermal conductivity data reported in the
study represents an average of fifteen measurements with an esti-
mated standard error of ±1.2%. The thermal conductivity of nanol-
ubricant at different volume fractions is determined in the
temperature range of (20–50 �C).

2.3. Rheological characterization

The rheological behaviour of the pure lubricant and nanolubri-
cants are determined with a Brookfield rotational type rheometer,
having a measurement range between 1.0 and 2000 cP. ASTM
D2196-10 standard is followed for the measurements. Rheocalc
software along with a PC-based data acquisition system is
employed to record the measurements. The maximum uncertainty
in the measurement is found to be 1.6%. The experiments are con-
ducted with different volume fractions (0.03–0.2%), and tempera-
tures (20–90 �C). The shear rate is varied (3.75/s to 225/s) to
explicate the effect of shear rate on the viscosity and flow behaviour
of the pure and nanolubricant. Five sets of data corresponding to
each test condition are logged and average values are considered
for the representation of experimental results. The flow behaviour
of the pure lubricant and CNT-PAG nanolubricant are predicted
using Ostwald De Waele or power-law model, which is the most
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generalized model for the flow prediction of non-Newtonian fluids.
According to Ostwald–De Waele power-law model (Eq. (1)) the
shear stress and rate of shear can be correlated as

s ¼ mcn ð1Þ
The Power Law model is described by two parameters, consis-

tency coefficient or consistency index (m) and flow behaviour
index (n). The consistency index pertains to the consistency of
the fluid at a particular moment, which portrays howmuch viscous
the fluid is. If the magnitude of n < 1, the fluid is known as shear-
thinning or pseudoplastic fluid. This means that the apparent vis-
cosity decreases with an increase in shear rate. When n > 1, it is
shear-thickening or dilatant fluid, i.e. their apparent viscosity
increases as shear rate increases. To obtain these indices, rheo-
grams are plotted and the indices are calculated.

2.4. Modelling of thermo physical properties of nanolubricant

Genetic algorithm-based regression correlations have been gen-
erated to predict the thermal conductivity and viscosity of CNT-
PAG nanolubricants, using Eureqa Data Robot, the A.I. powered
modelling engine. The evolutionary algorithms generate solutions
according to the theory, survival of the fittest, to optimize prob-
lems and predictive regression correlations using methods moti-
vated by natural evolution, such as inheritance, mutation,
selection, and crossover. A population of individuals is maintained
within search space and each representing a possible solution to a
given problem. These individuals are similar to chromosomes and
the variables are analogous to genes. During the successive gener-
ation, a proportion of the existing population is selected to breed a
new generation. The various steps involved in the genetic algo-
rithm are shown in Fig. 2. The regression curves are fitted with
R-squared values greater than 0.998.

3. Results and discussion

3.1. Dispersion stability of nanolubricants

Fig. 3 shows the UV–vis spectra of the nanolubricant after the
1st and 5th days of preparation. The maximum absorbance is
obtained within a wavelength range of 200–320 nm. It is clear from
the figures that in standstill conditions, the decrease in peak absor-
bance value is trivial (from 1.03 to 0.84) on the fifth day of prepa-
ration. This is a clear indication of stability, which means there is
the presence of a higher population of nanoparticles in the base
lubricant to interact with the light even after 120 h of preparation.

3.2. Thermal conductivity

Fig. 4 depicts the thermal conductivity of nanolubricant as a
function of nanoparticle volume fraction at various temperatures.
The nanolubricants exhibit higher thermal conductivity than that
of pure lubricant at all particle volume fractions. The thermal con-
ductivity of the colloid increases with an increase in particle con-
centration and the maximum thermal conductivity ratio was
observed as 1.18 at a particle concentration of 0.2 vol%. There
major reasons for this enhancement are: (i) The Brownian motion
effect (ii) interfacial molecular layering of the liquid: Existence of a
nano-layer at the solid–liquid interface and nanoparticle aggrega-
tion may constitute major contributing mechanisms for thermal
conductivity enhancement in nanofluids (iii) the organized chain
like clustering of particles within the fluid and the increased ther-
mal conductivity of suspended solid particles. The thermal conduc-
tivity of pure lubricant and nanolubricants at all particle
concentrations decreases with an increase in temperature. This is
due to the following phenomena: (i) at lower concentrations and
at elevated temperatures, the mean path between the nanoparticle
increases and thus reduces the probability of collision between
particles and may also lead to a decline in the near-field radiation
effect.

3.3. Modelling of thermal conductivity of CNT nanolubricant

The correlations proposed to forecast the thermal conductivity
of CNT-PAG nanolubricant by considering various parameters such
as temperature, particle concentration, and thermal conductivity of
base fluid and particle are shown in Eqn.2 [1]. A comparison of
experimental thermal conductivity and that predicted from the
available models in literature and the proposed model is presented
in the subsequent sections. The proposed model can predict the
thermal conductivity of CNT-PAG nanolubricant for various tem-
perature and volume fractions. The model is valid for
0.03 � ɸ � 0.2% and 20 � T � 50 �C.

kNL ¼ 0:0366T þ 1:61U2 þ 1:01e� 5T � 0:00313
U

þ 2:59e

� 50:0091 0:117T�36:4ð Þ þ 7:9e� 5U0:0091 0:117T�36:4ð Þ

� 5:25� 6:22e� 5T2 � 6:46U3 ð2Þ

where U the particle concentration in %, T is is the temperature in K,
and kNL is the thermal conductivity of the nanolubricant. The com-
parison of experimental thermal conductivity and that predicted
from the present correlation is portrayed in Fig. 5. The regression

Fig. 1. (a) SEM image of CNT. (b) TEM image of CNT suspenion.
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model displays excellent agreement with the experimental data
within the specified range within an error band of ±0.5%. Fig. 5(a)
shows the comparison of thermal conductivity obtained from
experiments and that predicted from the present correlation. In

addition to classical models available in the literature, Xue model,
which is proposed exclusively for carbon nanotube-based nanoflu-
ids is used for the comparison of CNT-PAG nanolubricant. From
Fig. 5(b) it is obvious that the classical model underpredicts the
experimental thermal conductivity. The Xue model, which is appli-

Fig. 2. Steps involved in a genetic algorithm.

Fig. 3. Uv–vis spectrum of CNT nanolubricant (0.2 vol%).

Fig. 4. Effect of volume fraction and temperature on thermal conductivity of CNT-
PAG nanolubricant.
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cable for CNT based nanofluids also fails to predict the results. The
present correlation well predicts the thermal conductivity of CNT-
PAG nanolubricant within the experimental conditions.

3.4. Effect of particle concentration on the viscosity of nanolubricants

Fig. 6(a) shows the variation of viscosity with volume fraction at
different shear rates. From the figure, it is evident that volume frac-
tion and shear rate have a crucial impact on the viscosity of the
nanolubricant. As the shear rate increases, the relative viscosity
is found to be decreasing. Besides, the nanolubricants sustain ade-
quate relative viscosity at elevated temperatures and moderate
shear rates and prove that they are more appropriate to use at ele-
vated temperature and shear rates. This is in line with the operat-
ing conditions in refrigerant compressors. Fig. 6(b) provides a
better understanding of viscosity variation with temperature. The
results reveal that irrespective of the shear rate and volume frac-
tion, the viscosities nanolubricants diminish with an increase in
temperature. A similar trend was displayed by pure lubricant as
well. This possible reason is, 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
derWaals attractive forces and which may disintegrate the clusters
of nanoparticles suspended in base fluid and hence the intermolec-

ular interactions between the molecules become weak and this
phenomenon leads to a decrease in viscosity.

3.5. Rheological characterization

The rheological studies were performed over the range of shear
rate from 3.75/s to 225/s covering a wide range of temperatures.
Fig. 7(a) shows the variation of viscosity with the shear rate for
pure lubricant. As expected, pure lubricant exhibits Newtonian
behaviour within the shear rate range considered.

The same measurement ranges of shear rates are considered to
measure the viscosity of the nanolubricant as well and are repre-
sented in Fig. 7(b). Irrespective of the temperature and concentra-
tions, the apparent viscosity diminished with an increase in shear
rate. The alteration in viscosity of nanolubricant is found to be triv-
ial at lower particle concentrations. Though, a significant decrease
in viscosity is manifested at higher volume fractions. That is the
nanolubricant exhibits severe non-Newtonian behaviour. The force
of interaction will be decreased at an elevated shear rate and which
in turn reduces the resistance against the flow and hence the
apparent viscosity. Fig. 8(a) and (b) show rheogram of pure lubri-
cant and nanolubricant respectively. The curves are fitted with
an R-squared value higher than 0.99. Here, n and m represent
the power law and consistency indices respectively. From the fig-

Fig. 5. Comparison of thermal conductivity (a) experimental vs correlation results, (b) experimental vs model predictions.

Fig. 6. (a) Variation of viscosity with volume fractions at different shear rates, (b) Effect of temperature on viscosity, of nanolubricant.
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ures, it is clear that regardless of temperature nanolubricant
behave as non-Newtonian fluid with a power-law index less than
unity. Meanwhile, the pure PAG oil behaves like a Newtonian fluid
with a power-law index approximately equal to one.

3.6. Modelling of viscosity of CNT nanolubricants

Most of the viscosity models available in the literature are
based on spherical nanoparticles. Suitable models to predict the

Fig. 7. Viscosity of (a) pure lubricant, (b) nanolubricant, with shear rates at different temperatures.

Fig. 8. Rheogram (a) pure lubricant, (b) nanolubricant, at different temperatures.

Fig. 9. Comparison between (a) experimental viscosity and predicted viscosity, (b) experimental viscosity and model predictions at room temperature.
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viscosity of carbon-based nanolubricants are scarce in the litera-
ture. Hence a new correlation is proposed to predict the viscosity
of CNT based nanolubricant. The proposed model for CNT-PAG
nanolubricant is shown in Eq. (3).

lNL ¼ 28:4Uþ 2:11e3
T

þ 4:71e8U
2:35e5þ YT3

þ 13:3þ 18:6 cos 5:17Tð Þ � 893U
Y

� 18:1 ð3Þ

The correlation is valid for 0.03 � ɸ � 0.2%, 20 � T � 90 �C and
5 � c � 200 1/s. where U is the particle concentration in %, T is the
temperature in K, c, the shear rate in 1/s and lNL is the viscosity of
the nanolubricant. Fig. 9(a) shows the comparison between the
experimental data of viscosity and that predicted from the pro-
posed correlation in the case of CNT-PAG nanolubricant. From
the figure, it is obvious that the model is successful in predicting
the viscosity of nanolubricant.

Fig. 9(b) shows the comparison of experimental viscosity with
that obtained from a few models available in the literature along
with the present correlation. The viscosity at room temperature
is used for the comparison. It can be seen from the figure that
the classical models fail to predict the viscosity of the CNT nanol-
ubricant, while the present model is in line with the experimental
results.

4. Conclusions

Comprehensive experimental investigations on thermal and
rheological characteristics of CNT-PAG nanolubricants are carried
out. Regression correlations are proposed to forecast the thermal
conductivity and viscosity of nanolubricants. The following key
conclusions have been drawn from the experimental investigation.
The thermal conductivity of the nanolubricants increases with an
increase in volume concentration and decreases with the intensifi-
cation of temperature. The viscosity of nanolubricants increases
with an increase in volume fraction and decreases with an increase
in temperature. Unlike pure lubricant, shear rate plays a vital role
in the behavior of the nanolubricants. Non-Newtonian shear thin-
ning of nanolubricants was evidenced. However, at higher shear
rates, shear-thinning is insignificant and nanolubricants behave
almost like a Newtonian fluid. Classical models fail to predict the
thermal conductivity and viscosity of the CNT-PAG nanolubricants.
The proposed regression models well predict the thermophysical
properties of nanolubricant. At elevated temperatures and shear
rates, nanolubricants sustain adequate viscosity than pure lubri-
cant which is a desirable operating feature for refrigerant compres-
sors. Thermal and rheological studies revealed that the potential of
CNT-PAG nanolubricant as an alternative lubricant for refrigerant
compressors is excellent. The application of the novel nanolubri-
cant may lead to the development of energy-efficient HVAC
systems.
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