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Abstract

The present research explores the dispersion of SiO, nanoparticles in compressor lubricant, polyolester (POE) oil for per-
formance enhancement of vapour compression refrigeration system (VCRS). The contribution of SiO, nanoparticles based
nanolubricant was examined for eco-friendly hydrocarbon (HC) refrigerant R600a, retrofitted to hydrofluorocarbon (HFC)
compressor based VCRS and also in HC compressor, in governing the performance of VCRS. Wear characteristics improved
by the nanolubricants were assessed through pin-on-disc wear testing, using the pins extracted from the actual compressor
piston used in VCRS. As compared to POE oil, the average specific wear rate (SWR) and coefficient of friction (COF) of
nanolubricant were reduced by about 20% and 29%, respectively. Enhanced average viscosity and average thermal conductiv-
ity were observed (35-95 °C), with maximum increases of about 13% at 65 °C and 45% at 95 °C, respectively, in compari-
son to those of POE oil. Field emission scanning electron microscopy (FE-SEM) was utilized to analyze the morphology
of SiO, nanoparticles, while Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD) analyzed their
crystal structure. The Zeta potential tests for the prepared nanolubricant were conducted to ensure its long-term stability. An
HC compressor based VCRS shows better performance including average refrigeration effect, average power consumption
by compressor, and the average coefficient of performance (COP) of 29%, 7%, and 39%, respectively compared to the base
lubricant filled retrofitted system. Hence the findings of the present research provide novel perspectives on the potential
benefits of incorporating SiO, nanoparticles and an HC compressor to improve the VCRS performance.
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gL™! Grams per litre
Lh™! Litre per hour

kPa Kilopascal

W Watt

Subscripts

1 Compressor inlet
2 Compressor outlet
Introduction

The vapour compression refrigeration system (VCRS),
commonly used in domestic and commercial refrigera-
tors worldwide, consumes around 15% of global energy
demand (Nair et al. 2020; Yildiz et al. 2021). The
researchers continually tried to develop energy-efficient
techniques without changing the existing components of
the VCRS (Gupta et al. 2020). The environmental aspect
has equal weightage to the energy concern. The VCRS
employed conventional, environmentally harmful refrig-
erants having global warming potential (GWP) and ozone
depletion potential (ODP) on the higher side, resulting in
global warming and damage to the ozone layer, respec-
tively (D.S Adelekan et al. 2019a). To address these con-
cerns, eco-friendly refrigerants and nano-sized solid par-
ticles are adopted (Jatinder et al. 2019; Babarinde et al.
2020). Hydrocarbons (HCs) are considered one of the eco-
friendly refrigerants that have low GWP and ODP index
(Adelekan et al. 2019a; b). These are considered alterna-
tives to the conventional refrigerants for the VCRS (Fatouh
and Abou-Ziyan 2018; Jatinder et al. 2019; Ohunakin et al.
2018), despite their flammability concern (Adelekan et al.
2021; Ohunakin et al. 2018; Harby 2017). In addition,
the higher latent heat of HCs offers the advantage of less
amount charged compared to halogenated refrigerants
(Rasti et al. 2013). The refrigerant R600a was used as one
of the effective eco-friendly HC refrigerants, compatible
with HFC compressor based VCRS (Babarinde et al. 2019;
Cao et al. 2021; Akhavan-Behabadi et al. 2015). The liter-
ature shows that HC R600a is more efficient than other HC
refrigerants (Jatinder et al. 2019; Ghorbani et al. 2017).
In addition, the selection of compressor lubricant has a
significant impact on the performance parameters, such
as refrigeration effect, power consumption by compres-
sor, and coefficient of performance (COP) of the VCRS
(Soliman et al. 2018; Akhavan-Behabadi et al. 2015).
The polyolester (POE) oil, one of the compressor lubri-
cants, has good miscibility and is compatible with HC
R600a refrigerant (Akhavan-Behabadi et al. 2015), good
thermal and chemical stability with system components,
and maintains its lubricating properties across a broader
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temperature range (Chauhan et al. 2019). The experiment
results of Soliman et al. (2018) reveal that POE oil-based
nanolubricant performed better than mineral oil-based
nanolubricant.

The thermal conductivity of fluids can be enhanced by
dispersing solid nanoparticles having relatively high ther-
mal conductivity, which further increases their heat trans-
fer capacity (Ibrahim Khan et al. 2019a; Yildiz et al. 2021;
Gupta et al. 2015). The concept of dispersing solid parti-
cles (milli-meter and micro-meter) in the heat transfer fluid
was investigated about a century ago, to improve upon the
thermophysical properties of the fluids (Narayanasarma and
Kuzhiveli 2019; Kotia et al. 2017; Okonkwo et al. 2020).
However, this kind of fluid poses a major issue of stabil-
ity which leads to the clogging of the system (Gupta et al.
2015). To overcome the challenges, Steve Choi in 1995 dis-
persed the nanoparticles (size under 100 nm) into the base
fluid and termed it a “nanofluid” (Sanukrishna et al. 2019;
Sanukrishna and Prakash 2018; Mansourian et al. 2020). A
nanofluid, prepared by dispersing various types of nanopar-
ticles in a base fluid, is considered a novel fluid (Devendiran
and Amirtham 2016; Ibrahim Khan et al. 2019a). The nano-
size of the particles dispersed in the base fluid offers unob-
structed flow through all passages of the thermal systems
(Sharif et al. 2016; Okonkwo et al. 2020). Literature also
witnesses the higher thermal conductivity of the prepared
nanofluids than their respective base fluids (Zawawi et al.
2017; Xiaohao Wei et al. 2009). Moreover, the shape and
crystal structure of the dispersed nanoparticles significantly
impacts the thermophysical and tribological properties of
the prepared nanolubricant (Alawi et al. 2018; Xiaohao Wei
et al. 2009).

In VCRS, appending distinct nanoparticles through com-
pressor lubricant (known as ‘nanolubricant’) or refrigerant
(known as ‘nanorefrigerant’) (Sharif et al. 2018; Nair et al.
2020), are the viable methods of energy-saving and perfor-
mance enhancement. Mostly, nanolubricant is preferred, as
it is more challenging to mix nanoparticles into the refriger-
ant (Nair et al. 2020). The next challenge in this direction is
the stability of the prepared nanolubricant. Nanolubricant
stability is vital for maximizing its benefits as an effective
heat transfer fluid across various thermal systems (Abdel-
Hadi et al. 2016). It is considered a key parameter before
considering an effective compressor lubricant for VCRS
(Ravinder Kumar et al. 2022). In general, cohesive, Van der
Waals forces increase the tendency of particles to agglom-
erate (Sidik et al. 2014; Hatami and Jing 2020; Okonkwo
et al. 2020). This further leads to the instability of the pre-
pared nanolubricant (Mansourian et al. 2020). To address
this challenge, magnetic stirring, and bath ultrasonica-
tion were employed for specific durations (Yilmaz 2020;
Sanukrishna et al. 2018; Narayanasarma and Kuzhiveli
2019). Zeta potential analysis of prepared nanolubricants
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is a commonly preferred method for stability analysis, often
adopted by researchers (Le Ba et al. 2020; Chakraborty and
Panigrahi 2020).

The literature also shows the benefits of the use of TiO,
nanoparticles to prepare nanolubricant for VCRS perfor-
mance enhancement (Adelekan et al. 2019b; Sabareesh
et al. 2012; Padmanabhan and Palanisamy 2012; Jatinder
et al. 2019; Babarinde et al. 2019). However, its prolonged
use may pose a safety concern in a VCRS, due to its high
dielectric constant (=~ 80) (Nair et al. 2020). On the other
hand, SiO, nanoparticles having a low value of dielectric
constant (= 20) (Robertson 2004; Sia et al. 2014) may be
used much more safely in VCRS. The low dielectric con-
stant of SiO, nanoparticles offers one of the advantages of
protecting the hermetic-type compressor against premature
failure caused by electric shocks (Sia et al. 2014). Further-
more, the SiO, nanoparticles are non-toxic, chemically sta-
ble, safe, and non-reactive with the compressor lubricant
and the system components (Narayanasarma and Kuzhiveli
2019). Moreover, the anti-friction, resistance to wear, and
the ability to bear high load capacity of SiO, nanoparticles
make the compressor base lubricant more capable of enhanc-
ing the performance of VCRS (Goto and Honda 2004; Sia
et al. 2014; Patil et al. 2013a). In addition, their good tribo-
logical properties in contrast to other frequently employed
nanoparticles such as TiO,, Al,05, ZnO, CuO, and ZrO,
(Rawat et al. 2018), make them a promising candidate for
preparing the nanolubricant to enhance the performance
of the VCRS. The literature witnesses the enhancement of
VCRS performance by dispersing the SiO, nanoparticles
into the compressor lubricant which improves its tribologi-
cal and thermophysical properties (Kotia et al. 2019; Patil
et al. 2013b; Sanukrishna et al. 2019; Narayanasarma and
Kuzhiveli 2019).

To critically analyze the contribution of the nanoparticles,
in a nanolubricant, in reducing the power consumption in a
VCRS, the friction characteristics need to be studied (Kotia
et al. 2019; Singh et al. 2020). The coefficient of friction
(COF) directly governs frictional work loss, which becomes
a major factor for work loss if left unaddressed. There is a
dire need to carry-out wear testing and analysis to obtain
friction characteristics of the actual compressor material (if
possible) with the prepared nanolubricants. Such kind of
work is hard to find in the literature for the applications of
VCRS. In addition to the selection of appropriate nanopar-
ticles for the preparation of nanolubricants, the selection of
compressor also has an equal weightage in addressing the
energy-saving and environmental issues of VCRS. Compres-
sors originally designed for HFC-based refrigerants are often
retrofitted with HC refrigerants to improve the performance
of VCRS (Bi et al. 2011; Sabareesh et al. 2012; Jatinder
et al. 2019). However, for prolonged use, the performance of
VCRS using an HC compressor needs to be explored while

using the nanolubricants to assess whether the ease of retro-
fitting is justified as compared to the use of an HC compres-
sor. A limited literature is available on the utilization of an
HC compressor instead of an HFC compressor in VCRS.

As compared to TiO,, SiO, nanoparticles seem to be a
better alternative from a safety point of view. Further, its
properties suitable for its dispersion in POE oil trigger an
idea of carrying out research (limited available in the litera-
ture) with SiO, nanoparticles based nanolubricant in VCRS.
For a precise analysis of the effect of SiO, nanoparticles
in governing the performance parameters of the VCRS, a
wear test using the actual material needs to be conducted.
In addition, retrofitting looks to be an attractive option using
the eco-friendly refrigerant R600a in existing VCRS. There-
fore, there is a dire need to compare the VCRS system with
the HC compressor to a retrofitted system, both utilizing
the same HC refrigerant (R600a) and SiO, nanoparticles
based nanolubricant. Therefore, the wear analysis of the
actual compressor piston material using POE oil and the
prepared nanolubricant, along with the use of an HC com-
pressor instead of an HFC compressor in the VCRS test rig,
highlights the gap in this research area and the novelty of the
current work. Moreover, the analysis of the shape and crystal
structure of nanoparticles, tribological and thermophysical
properties of each lubricant sample, and stability analysis of
the prepared nanolubricant sample need to be explored and
correlated with the performance parameters of the VCRS.

In the present research, the morphology and crystal
structure of SiO, nanoparticles were confirmed using field
emission scanning electron microscope (FE-SEM), X-ray
diffraction (XRD), and Fourier transform infrared (FTIR)
spectroscopy. The experiments were performed with POE
oil and prepared nanolubricant on an HFC compressor based
retrofitted and HC compressor based VCRS test rig to exam-
ine their performance parameters. The Zeta potential test
was performed to ensure nanolubricant stability. Wear tests
using the actual compressor piston material were preferred
to find the COF and specific wear rate (SWR). The viscos-
ity and thermal conductivity of each lubricant sample were
measured over a temperature range of 35-95 °C.

Experimental procedures
Materials

The dry SiO, nanoparticles (make: Reinste Nano Ventures
Private Limited) having size 55+ 5 nm, molecular weight
60.08 g.mol~!, and density 2.6 g.cm™> with 99.99% purity
were used to prepare the nanolubricant. The morphologies
of SiO, nanoparticles were analyzed by utilizing FE-SEM
(Carl Zeiss, Merlin), while crystal structure was analyzed
using FTIR spectroscopy (Tensor 27, Bruker) and XRD
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diffractometer (PANalytical, Empyrean, Netherlands). The
HC refrigerant R600a and the compressor lubricant POE oil
were obtained from the nearby local supplier.

Nanolubricant preparation

The preparation of stable nanolubricant is not mere a mix-
ing of a solid and liquid (Baojie. Wei et al. 2017). In this
research, nanolubricant was formulated by adopting a two-
step method (Yang et al. 2020; Kaggwa and Carson 2019;
Borode et al. 2019). For preparation of nanolubricant small
quantity of dry SiO, nanoparticles (0.1 gL.™!) were dispersed
into 250 mL of compressor lubricant (POE oil). A digital
readout weighing scale (CX 220, Citizen) having 0.001 g
of precision was used to weigh the SiO, nanoparticles. The
magnetic stirrer (Fig. 1) and bath ultrasonicator (Fig. 2) were

Fig.1 Schematic diagram of
magnetic stirring of nanolubri-
cant

Hot plate

utilized for 2 and 3 h, respectively (Ravinder Kumar and
Singh 2016) to make nanolubricant stable and fit for its use
as a compressor lubricant for a long tenure. No surfactant
was used to stabilize the nanolubricant due to its potential
adverse effects on VCRS performance and properties of the
refrigerant used (Ravinder Kumar et al. 2020; Sanukrishna
et al. 2019; Akhavan-Behabadi et al. 2015). The POE oil
(base lubricant) is assigned as sample K1, while the prepared
nanolubricant is designated as sample K2.

Nanolubricant stability measurement
The Zeta potential analysis was carried out to analyze the
stability of the prepared nanolubricant. A Zetasizer Nano

(ZS90, Malvern) was employed for a duration of 10 days,
with measurements taken at a 2-day interval.
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Thermal conductivity measurement

The KD2 pro thermal analyzer (make: Decagon Devices,
USA) was used to measure the thermal conductivity of both
compressor lubricant samples, K1 and K2, as schematically
shown in Fig. 3. The device was working on the principle of
the ‘transient hot-wire method’ and also follows the ASTM
D5334 standard (Narayanasarma and Kuzhiveli 2019; S.S.
Sanukrishna and Prakash 2018; Hamid et al. 2018; Asadi
et al. 2019). During the test, a calibrated single-needle
probe (KS-1, 1.3 mm diameter, 60 mm length) was inserted
into the top of the sample glass tube. Equilibrium at a con-
stant temperature was achieved in about 15 min. Prior to
each test, the probe underwent calibration using standard

Fig.3 Schematic of experi-
ment setup for measurement of
thermal conductivity of each
sample using KD2 pro thermal
analyzer

Lubricant sample

Cable «—

glycerine (CAS 56-81-5) (Zawawi et al. 2017; Sanukrishna
and Prakash 2018; Narayanasarma and Kuzhiveli 2019).
A water bath with constant water temperature (measured
using a thermometer) was utilized to perform the test in the
temperature range of 35-95 “C. After reaching equilibrium
temperature, five measurements were averaged per sample,
to establish precise measurements.

Viscosity measurement test

The viscosity was measured with the help of a Redwood
viscometer. The schematic diagram is shown in Fig. 4.
This device operates on the principle of gravitational flow
through a capillary tube with standard dimensions under

Thermometer

Needle probe
(KS-1)

Water bath

Fig.4 Schematic of viscosity
measurement with Redwood
viscometer
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Table 1 Specifications of pin-on-disc tribometer

Parameter Range

Applied load (normal) 0-200 N, by dead weights
0-200 N, least count 0.1 N

0-2000 um, least count 1 ym

FF measurement
Wear measurement
Disc rotational speed 200-2000 rpm, in step of 1 rpm
$165 mmx 8 mm thick

Max. 140 mm, in step of 2 mm

Wear disc size
Wear track diameter
Specimen (pin) size $3 to 12 mm, up to 32 mm long

Operating humidity 30-80%

the influence of a descending load (Sabareesh et al. 2012;
Ravinder Kumar et al. 2020; Ravinder Kumar and Singh
2016). For temperature consistency across each test sam-
ple, a water bath with a submerged electric heater was used.
An electric heater, controlled by a thermostat, facilitated
precise temperature control throughout the experiment. To
ensure uniformity, a stirrer was used in the water bath. Sepa-
rate thermometers were used to measure the temperatures
of both the water bath and the samples (K1 or K2) during
each viscosity test. This meticulous temperature monitoring
ensured that the testing took place under the desired constant
temperatures of 35, 50, 65, 80, and 95 °C. Each reported
viscosity value is the result of averaging the five separate
measurements at each test temperature for both lubricant
samples.

Pin-on-disc tribometer tester

The pin-on-disc tribometer (TR-20LE-PHM-CHM-550,
DUCOM India) works as per ASTM-G-99 standard (Laad
and Jatti 2018; Kong et al. 2022; Sabareesh et al. 2012), was
employed to determine the COF and SWR. The specifica-
tions of the tribometer, used for pin-on-disc wear testing
are given in Table 1. To simulate the actual conditions in

Fig.5 a Side view of the com-
pressor piston. b top view of
the compressor piston. ¢ actual
pins extracted from compressor
piston

the compressor, for pin-on-disc wear testing, the pin speci-
mens were extracted from the actual piston material of the
compressor used in the VCRS test rig. The schematic of
extracting the wear testing pins from the actual piston is
shown in Fig. 5 and one end of each pin was machined to
give it a hemispherical shape. The chemical composition of
the pin material, obtained through FE-SEM/EDS analysis,
is shown in Table 2.

During pin-on-disc wear testing, the pin was held firmly
in the pin-holder in a vertical position to establish contact
of the hemispherical end of the pin with the rotating disc at
a radial distance of 70 mm. The wear testing was performed
at ambient temperature and during each test, the mating sur-
faces were lubricated with each kind of lubricant sample
with the help of an oil dispenser as shown in Fig. 6. Using
dead weights, a fixed load of 98 N (Fy) was applied through
the pin on the horizontal rotating disc (material: EN31 hard-
ened to 60HRc). The testing was done for a sliding distance
of 1005 m at a fixed rotating speed of 400 rpm. During the
respective wear tests for each kind of lubricant samples K1
and K2, a fixed flow of 0.15 Lh™! was maintained at the
pin-disc interface using an oil dispenser. Due care was taken
during each test to ensure the continuous supply of respec-
tive lubricant samples (K1 and K2) to the mating surfaces
to avoid dry sliding. No external pressure was applied to the
oil dispenser, and the lubricant film on the mating surfaces
formed naturally due to the gravity-assisted flow of the lubri-
cant. A similar procedure was adopted by Yilmaz (2020),
Ingole et al. (2013), and Sabareesh et al. (2012) during wear
testing of some other materials.

During each experiment of 8 min, the values of friction
force (FF) were recorded at successive intervals of one min-
ute each. The FF was measured automatically using a com-
puter-controlled pin-on-disc tribometer and was displayed on
a digital meter. The average COF was calculated from the FF
data for each test. To determine SWR, the specimen’s (pin)
weight loss was calculated from the weight measurement

Table 2 Chemical composition C 0
of pin material (weight %) as

obtained through FE-SEM/EDS 2275 8.45

0.47 1.51 0.66 1.48

64.68
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Fig.6 Schematic diagram of 1 N load
pin-on-disc tribometer (all _ _ ; ormeloa Oil dispenser filled with
dimensions in mm) Axis of rotation \l lubricant sample
1 ——
= S .
Wear : 5 | > Lubricant spray
track . 7
T
Radial :
i Rotating
i . disc
i g o0 | 22
5 70 I BB
H 1 +

Rotating ' disc

82.5 .

data before and after each 8-min test. For precise measure-
ments, an accurate digital weighing device having the least
count of 0.001 g was used. The SWR was calculated using
Eq. 1 (Kumar et al. 2021). After each test, the surface of the
disc was cleaned with the help of emery paper and acetone.
Each test was repeated five times under identical conditions
and the reported results are the average of the five values.

Aw
p* Lx Fy

SWR = mm’N~'m™! 1))

Here Aw: wear weight loss of the pin during an experi-
ment (g), p: density of the pin material (gem ™), F, N applied
load (N), and L: sliding distance covered (m).

Vapour compression refrigeration system
testing

A VCRS test rig schematic diagram as shown in Fig. 7 was
originally designed for R134a refrigerant and was used to
perform VCRS experiments. It comprises four main com-
ponents: a reciprocating HFC or an HC compressor (each
having a horsepower of 1/5), an evaporator with a 13 L
capacity equipped with cooling coils on its inner cylindri-
cal wall, a forced-air condenser, and a capillary tube as an

expansion device. Three different T-type thermocouples and
two pressure gauges (bourdon-type) were used for the meas-
urement of temperature and pressure at different locations.
One thermocouple was positioned at the suction line of the
compressor, a second at the delivery line of the compres-
sor, and a third one to monitor the water temperature in the
evaporator cabin. Similarly, pressure gauges were connected
at the compressor’s suction and delivery points. An analog
static energy meter was employed to measure the compres-
sor power consumption in both tests for each kind of com-
pressor. The energy meter had a counting precision of 3200
impulse kW~! h™! (Sabareesh et al. 2012; Ravinder Kumar
and Singh 2016; Yilmaz 2020). The compressor was disen-
gaged from the rig after performing an experiment with one
type of sample of the compressor lubricant. Subsequently,
the compressor lubricant was replaced with the next sample
of the compressor lubricant and was connected back to the
test rig. Before connecting the compressor to the test rig,
the VCRS underwent evacuation to remove moisture and
foreign particles. This evacuation process involved running
a vacuum pump for about three hours to ensure its effective
performance (Sabareesh et al. 2012; Madyira et al. 2022;
Gill et al. 2018). The parameters required for determining
the compressor power consumption and the refrigeration
effect were recorded carefully in each VCRS experiment.
Each experiment involved running the VCR test rig for
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Ti: compressor suction temperature
T,: compressor delivery temperature
Tg: evaporator water temperature

Condenser |«
v ;% 0o
Expansion
Valve
E
@) T1 P4
»| ° Evaporator ??

Fig.7 Schematic diagram of VCRS test rig

180 min, with readings taken at a regular interval of five
minutes. The water temperature in the evaporator cabin was
measured using a thermocouple, with a time interval ‘¢’ in
between. The power consumption by the compressor was
recorded by measuring the time (using a stopwatch) taken
by the analog energy meter to register ten pulses. The com-
plete set of readings was also collected in a similar manner
by replacing the HFC compressor with the HC compressor.

Utilizing the standard Egs. 2, 3, and 4, respectively (Saba-
reesh et al. 2012; Ravinder Kumar and Singh 2016; Yilmaz
2020), the refrigeration effect, power consumption by com-
pressor, and COP of the VCRS were calculated based on the
collected data under ambient temperatures ranging from 29
to 30 °C.

The uncertainty of each measuring instrument was
assessed following the methodology detailed by Schultz.
and Cole. (1979). In addition, the uncertainty linked to the
specific parameter, such as Z, was determined by utilizing
Eq. 5 (Ohunakin et al. 2017; Adelekan et al. 2021; Jatinder
et al. 2019; Sanukrishna et al. 2019).

mx C, X AT
Refrigeration effect = — w 2
Compressor power consumption = n_x 3600 3)
t x K
COP = Refrigeration effect @

Compressor power consumption
n ,705
0z
U, = lz <$Upi> ] )
i=1 i

Equation 5 defines Z as the specific parameter, U, as
the total uncertainty, U, as the uncertainty linked to each
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Pi: compressor suction pressure
P,: compressor delivery pressure

N A

Energy input
Compressor

E—

Piston

independent variable, and n as the total number of vari-
ables. The acquired experimental uncertainties are shown
in Table 3.

Results and discussion
Nanoparticles analysis (characterizations)

The FE-SEM image shown in Fig. 8 reveals a predominantly
spherical shape of SiO, nanoparticles. Spherical nanopar-
ticles in the base lubricant maintain their shape even at
high temperatures and heavy loads, contributing to multi-
ple mechanisms for reducing wear and friction between the
rubbing surfaces (Lee et al. 2009; Muzammil S. Khan et al.
2019b). In addition, Xiaohao Wei et al. (2009) and Alawi
et al. (2018) observed that nanoparticles with spherical mor-
phology possessed higher thermal conductivity compared
to other shapes. The images also show that these particles
tend to clump together, forming agglomerations. Figure 9
shows the XRD patterns which confirmed the composition
of SiO, nanoparticles. The XRD analysis also confirmed

Table 3 Uncertainty values of the different measured parameters of
the experiment

S.No Parameters Uncertainty
1 Compressor suction pressure, P, (kPa) +1.12
2 Compressor discharge pressure, P, (kPa) +5.22
3 Compressor suction temperature, T, (C) +0.10
4 Compressor discharge temperature, T; ('C) +0.22
5 Water temperature in evaporator cabin, T, (C) +0.12
6 Refrigeration effect (W) +0.52
7 Power consumption (W) +0.14
8 COP (%) +0.55
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Fig.8 FE-SEM images of SiO, nanoparticles

500

400 +

300

Intensity

200 +
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T
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Fig.9 XRD of SiO, nanoparticles

that particles of SiO, are in an amorphous state, lacking a
crystalline structure (Tkachenko et al. 2020; Le Ba et al.
2020). Figure 10 shows the FTIR spectra related to SiO,
nanoparticles. The broad diffraction peaks observed in FTIR
spectra also confirms the amorphous nature of the used SiO,
nanoparticles (Rawat et al. 2018).

Stability analysis

Figure 11 shows the average Zeta potential obtained for
the prepared nanolubricant (sample K2) on different
days. In general, the Zeta potential exceeding +30 mV
indicates nanolubricant stability (Wu et al. 2009; Bakh-
tiari et al. 2021). The findings show that for each day, the
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Fig. 10 FTIR spectrum of SiO, nanoparticles
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Fig. 11 Average Zeta potential values of sample K2 for distinct days

nanolubricant average Zeta potential exceeded 30 mV. This
indicates that the SiO, nanoparticles were well distributed
and the stability of their dispersion in compressor lubricant
was satisfactory. The obtained results also indicate that the
average Zeta potential of the lubricant sample K2 exhibited
a slight decrease over the pre-decided time period of ten
days. Comparable findings were also observed by Baojie.
Wei et al. (2017).

Thermal conductivity analysis

The bar graph in Fig. 12 shows that the average thermal
conductivity of both lubricant samples decreased with the
increase in temperature. The observed decline in average
thermal conductivity is commonly ascribed to a reduction
in molecular collisions. At higher temperatures, the mean
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Fig. 12 Average thermal conductivity of POE oil and prepared nano-
lubricant at different temperatures

path traversed by the molecules becomes longer, resulting
in reduced opportunities for intermolecular interactions and,
consequently, lower thermal conductivity (Sharif et al. 2016;
Ravinder Kumar et al. 2020). The dispersion of nanoparti-
cles improved the thermal conductivity of sample K1, as for
each test temperature, the average thermal conductivity of
sample K2 is more than that of sample K1. This could be
due to the emergence of a micro-convection effect promoted
by the nanoparticles dispersed in the sample K1 (Navdeep
Kumar et al. 2023), and the development of layers of base
lubricant on the surface of solid nanoparticles (Kotia et al.
2017).

However, this enhancement follows a discontinuous trend
across the temperature range (35-95 °C). At 35 °C, sample
K2 exhibits about a 13% increase in average thermal conduc-
tivity compared to sample K1. At 50 °C, this enhancement
increases to about 19%, indicating the continued positive
effect of the nanoparticles on heat conduction. However, at
65 °C, the enhancement decreases to about 12%, compared
to sample K1, likely due to the formation of nanoparticle
clusters that hinder efficient heat transfer. At 80 °C, the
enhancement further reduces to about 6% than sample K1,
as the temperature promotes a more significant clustering of
nanoparticles. Interestingly, at 95 °C, sample K2 exhibits a
substantial about 45% more thermal conductivity than sam-
ple K1, likely due to the breakdown of nanoparticle clusters
and improved dispersion. The observed enhancement could
be attributed to the aggressive motion (known as “Brown-
ian motion”) of the nanoparticles at elevated temperatures
(Kotia et al. 2018; Yildiz et al. 2021; Wang et al. 2012; Li
et al. 2021). A similar improvement in thermal conductivity
for SiO, nanoparticles dispersed in POE oil was observed
by Narayanasarma and Kuzhiveli (2019).
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Fig. 13 Average viscosity of POE oil and prepared nanolubricant at
different temperatures

The thermal conductivity was significantly affected by
the increase in temperature within the range of 35-95 °C,
experiencing a reduction of about 70%. But on comparing
the thermal conductivity of sample K1 at 35 °C and that of
sample K2 at 95 °C, the reduction in thermal conductivity
decreased from 70% to about 58%. Therefore, the effect of
an increase in temperature from 35 to 95 °C on thermal con-
ductivity was reduced by about 12% due to the dispersion of
Si0, nanoparticles in POE oil.

Viscosity analysis

The bar graphs (Fig. 13) show that at any of the test tem-
peratures, sample K2 exhibits better average viscosity than
sample K1. In general, viscosity decreases as temperature
increases (Narayanasarma and Kuzhiveli 2019), and the bar
graph follows a similar trend of variation in the viscosity of
the respective lubricant sample with the temperature rise.
However, as the temperature increases the reduction in aver-
age viscosity of each sample does not display a uniform
trend.

At 35 °C, sample K2 shows about a 7% higher average
viscosity than sample K1 due to SiO, nanoparticles dis-
persed in the base lubricant, slightly affecting its flow at
lower temperatures. The nanoparticles may cause slight
intermolecular interactions or hinder the movement of lubri-
cant molecules, resulting in a slightly higher viscosity as
observed by Kotia et al. (2017). However, at higher tem-
peratures of 65 °C and 80 °C, the average viscosity of the
nanolubricant initially increases and then decreases before
increasing again at 95 °C. This behavior can be explained
by the combined effects of nanoparticle dispersion and
temperature. At 65 °C, the increase in average viscosity of
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sample K2 is approximately 13% higher than that of sample
K1. This significant enhancement may be ascribed to more
intense movement and interactions between the molecules
of the base lubricant and the dispersed nanoparticles at high
temperatures. These interactions can cause the formation of
temporary nanoparticle clusters or agglomerates, leading to
a further increase in viscosity. At 80 °C, the average viscos-
ity of sample K2 decreases slightly compared to temperature
65 °C. This decrease could be due to the increased ther-
mal energy causing the partial breakdown of nanoparticle
clusters or agglomerates, resulting in a reduction in viscos-
ity. However, at 95 °C, the average viscosity of sample K2
again increases, showing approximately a 12% enhancement
compared to sample K1. The elevated temperature increases
thermal energy, outweighing the breakdown of nanoparticle
clusters leading to a net increase in viscosity. Therefore, the
rise in the viscosity of the nanolubricant may be attributed
to the dispersion of nanoparticles (SiO,) in the base lubri-
cant (Sanukrishna et al. 2018; Narayanasarma and Kuzhiveli
2019).

Coefficient of friction and specific wear rate analysis

The pin-on-disc tribometer tester results show that the nano-
lubricant reduced both FF (measured in N, see Fig. 14) and
wear (measured in pm) compared to base lubricant. The
results revealed that under controlled test conditions, the
calculated average COF value between the mating surfaces
with sample K2 was more than 20% lower than that with
the sample K1 (Fig. 15). Similarly, the average SWR for the
sample K2 was nearly 29% lower as compared to that of the
sample K1 (see Fig. 16).
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Fig. 14 Average FF of POE oil and prepared nanolubricant during
pin-on-disc tribometer wear test
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Fig. 15 Average COF of POE oil and prepared nanolubricant during
pin-on-disc tribometer wear test

The mechanisms behind the enhancement of wear and
friction reduction characteristics of sample K2 can be cat-
egorized into two distinct groups. The first mechanism is
attributed to the direct impact of nanoparticles, specifically
the rolling effect and formation of tribo-film (Rapoport
et al. 2002; Xu et al. 1996; Singh et al. 2020; Sanukrishna
et al. 2019). The secondary mechanism includes polishing
and mending effects (Tang and Li 2014; Rawat et al. 2018;
Sanukrishna et al. 2019). The friction between the mating
pair can be reduced by minimizing the contact between the
mating surfaces and reducing surface roughness (Yilmaz
2020). The spherical morphology of nanoparticles offers
the benefit of the rolling effect which minimizes the sliding
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Fig. 16 Average SWR of POE oil and prepared nanolubricant during
pin-on-disc tribometer wear test
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contact between the mating surfaces (Ge et al. 2015; Rawat
et al. 2018; Patil et al. 2013a). The self-repairing (mending
effect) and polishing effect minimize the surface roughness
and abrasive wear on the mating surfaces (Sanukrishna et al.
2019; Ge et al. 2015). At higher temperatures, the formation
of tribo-film due to nanolubricant provides the additional
benefit of protecting the surfaces and reducing friction and
wear between them (Sanukrishna et al. 2019). The nanopar-
ticles within the base lubricant also serve as a third body
and reduce severe wear (Abdel-Rehim et al. 2021). The
discussed mechanisms are shown in the schematic diagram
in Fig. 17. The morphology and size of the SiO, nanopar-
ticles along with the observed reduced SWR, witness the
expressed mechanism.

The current research findings show a decrease in the
average COF when SiO, nanoparticles were added to the
base lubricant, as observed by Hamisa et al. (2023), Rawat
et al. (2018), and Sanukrishna et al. (2019). Moreover, this
research revealed better result of average COF (6% more)
as compared to that reported by Hamisa et al. (2023), used
the same ratio of SiO, nanoparticles (0.1 gL.!) in POE oil.
In addition, SiO, nanoparticles based lubricant reduced
wear between the mating surfaces, as also observed by S. S.
Sanukrishna et al. (2019) and Rawat et al. (2018).

Refrigeration effect

The comparison of the average refrigeration effect between
the retrofitted and HC compressor based VCRS using HC
refrigerant R600a, as determined with lubricant samples K1
and K2, can be clearly seen in a bar graph (Fig. 18). The
results show that the average refrigeration effect for each
compressor type improved significantly with the utilization
of a compressor lubricant containing SiO, nanoparticles.
This improvement might be due to the circulating refrigerant

Fig. 17 Schematic representa-
tion of various mechanisms
involved in friction and wear
reduction between the mating
surfaces
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Fig. 18 Average refrigeration effect of VCRS using different lubri-
cant samples in different compressors

carrying traces of nanolubricants during functioning, reach-
ing the evaporating cabin and other parts of the VCRS, act-
ing as a nanolubricant-refrigerant mixture (Narayanasarma
and Kuzhiveli 2019; Sanukrishna et al. 2019). For each
compressor, the SiO, nanoparticles within the sample K1
resulted in about 7% enhancement in the average refrigera-
tion effect. But on comparing the average refrigeration effect
of sample K2 in the HC compressor with that of sample K1
in the HFC compressor an improvement of about 29% is
observed. In addition, the HC compressor, without using
nanoparticles, performed even better as compared to the
nanolubricant used in the retrofitted VCRS. The bar graph
shows about 12% enhancement of the average refrigera-
tion effect with sample K1 in HC compressor based VCRS
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compared to sample K2 in HFC compressor based retrofitted
VCRS.

Power consumption

It is observed from the bar graph shown in Fig. 19 that the
average power consumption by each compressor reduced
when nanolubricant was used instead of the base lubricant.
For the retrofitted system, nearly 3% reduction is observed
with the use of nanolubricant instead of the base lubricant.
However, the results also reveal that the VCRS with nano-
lubricant and an HC compressor consumed more than 7%
less average power compared to that in the retrofitted sys-
tem filled with the POE oil. Without considering the role of
nanoparticles, the use of only an HC compressor instead of
retrofitting in an HFC compressor resulted in more than 4%
less power consumption.

Retrofitting offers the convenience of using the same
device while switching to an eco-friendly HC refrigerant.
However, the observed difference in power consumption
suggests that prolonged use may result in an overall eco-
nomic loss. This is because the cost of replacing the com-
pressor becomes less as compared to the increased energy
input during its operation. Furthermore, this higher energy
consumption also has a negative impact on the environ-
ment. Therefore, switching to an HC compressor designed
for eco-friendly HC refrigerants may lead to overall savings
in power consumption and a positive environmental impact.

In either compressor, the role of SiO, nanoparticles dis-
persed into the POE oil (forming a nanolubricant) can be
well understood in reducing power consumption by nearly
3%. The role of nanoparticles is even more significant in
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Fig. 19 Average power consumption by VCRS using different com-
pressor lubricant samples in different compressors

reducing the power consumption by 3.38% in the case of the
HC compressor. As observed in the FE-SEM micrograph
(Fig. 8), the spherical shape of nano-sized SiO, particles
dispersed in POE oil might have played a substantial role
in the observed drop-in power consumption. The spherical
shape offers a rolling effect and the SiO, particles behave as
nano-ball bearings to reduce the power loss due to reduc-
tion in friction between the mating surfaces (Sanukrishna
et al. 2019). The nano-sized SiO, particles also offer mend-
ing and polishing effect, by filling the micro-grooves and
breaking the surface asperities, respectively (Rawat et al.
2018; Yilmaz 2020). The higher viscosity of the nanolu-
bricant (Fig. 13) further assists in developing a consistent
tribo-film on the surfaces of piston-cylinder mating, lead-
ing to a substantial reduction in power loss due to friction.
About more than 20% reduction in both the average FF and
the average COF, as observed in the wear test, clearly evi-
denced the drop-in power consumption with sample K2 in
either of the compressors. In the wear test, about 30% drop
in the average SWR for sample K2 as compared to sam-
ple K1 also witnessed the proposed mechanisms (Fig. 17),
which are also motivated by previous literature (Rawat et al.
2018; Singh et al. 2020). A smaller amount of frictional heat
is expected to be produced in the compressor due to less
average FF (about 20% less with nanolubricant, Fig. 14).
Considering the thermodynamics aspects of the compression
a more frictional heat leads to an increased compressor work
due to the addition of extra flow work (Moran et al. 2018).
The frictional heat increases the volume of the refrigerant
vapors and therefore compressor demands more power to
handle the increased volume of the refrigerant vapors (Whit-
man et al. 2012). The increased temperature after compres-
sion also affects the refrigeration effect in the next part of
the VCRS cycle, as already observed in Fig. 18.

Surprisingly, during this research, VCRS equipped with
an HC compressor using sample K1, consumed even less
average power than the retrofitted system filled with sam-
ple K2. This could be attributed to the better compatibility
between the HC-based compressor, the HC R600a refriger-
ant, and each component of the VCRS. The power reduction,
resulting from the use of an HC compressor in the VCRS,
as compared to the retrofitted system, was also observed by
Rasti et al. (2013).

Coefficient of performance

The average COP of the VCRS obtained using each kind of
compressor with each kind of compressor lubricant sample can
be compared easily from the bar graph (Fig. 20). As the COP is
obtained from the refrigeration effect and power consumption,
the trend of the COP is purely in alignment with the results
discussed for refrigeration effect and the power consumption.
A remarkable increase of about 25% in average COP can be
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Fig.20 Average COP of the VCRS using different lubricant samples
in different compressors

seen with the HC compressor as compared to that with the ret-
rofitted HFC compressor, for the respective lubricant samples
used. While considering the effect of the compressor lubri-
cant sample, an increase of about 10% can be discerned with
the respective compressor for sample K2 as compared to the
lubricant sample K1. The contribution of dispersed nanoparti-
cles in the base lubricant has been discussed thoroughly in the
refrigeration effect and power-consumption sections. As this
about 7% increase in average refrigeration effect and about 3%
decrease in average power consumption has jointly resulted
in an about 10% increase in average COP. On the other hand,
as already discussed, switching from HFC to HC compressor
has resulted into a bigger change in power consumption and
refrigeration effect combine resulted into about 25% hike in
average COP. On comparing the performance of sample K1
with the HFC compressor with that of sample K2 with the HC
compressor, about 39% hike in average COP is already visible
in the bar graph (Fig. 20).

When comparing the performance of sample K1 with the
HFC compressor to that of sample K2 with the HC compres-
sor, a significant 39% increase in the average COP is already
evident in the bar graph (Fig. 20). The present research with
HC compressor shows better results of average COP than
Ohunakin et al. (2018). The authors also used SiO, nanopar-
ticles with HC refrigerant in the retrofitted VCRS.

Conclusions

In this research, the role of SiO, nanoparticles in compres-
sor lubricant POE oil used in a retrofitted and an HC com-
pressor based VCRS are investigated. Using eco-friendly
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HC R600a refrigerant, the performance characteristics
including power consumption by compressor, refrigeration
effect, and COP were compared for the base lubricant and
the prepared nanolubricant used in the VCRS compressor.
The present research leads to the following conclusions:

e The dispersion of nanoparticles into POE oil improved
its thermophysical and tribological characteristics, such
as thermal conductivity and viscosity, even at higher
temperatures. The use of nanolubricant resulted in
lower weight loss in pin-on-disc wear testing with
the pin made from actual compressor material and
indicated the benefits obtained through the improved
tribological and thermophysical properties. As com-
pared to POE oil, the use of SiO, nanoparticles based
nanolubricant as the compressor lubricant, resulted in
about 7% higher power savings, when used in either
of the retrofitted VCRS and also that using HC-based
COMPIEesSOr.

e The power saving and the overall enhancement in the
performance of each type of VCRS can be attributed to
multiple mechanisms, including the polishing, rolling,
and mending effects, and the development of tribo-film
between the mating surfaces, enabled by nano-sized
Si0, nanoparticles.

e The nanolubricant-filled HC compressor based VCRS
exhibited better performance than the nanolubricant-
filled retrofitted VCRS. It indicated better compatibility
of nanolubricant with the used HC refrigerant R600a
and the HC-based compressor.

e Comparatively lower temperatures achieved after com-
pression due to reduced friction offered by nanolubri-
cant in either of the compressors, also resulted in a
higher refrigeration effect in the evaporator. Both con-
tributors, higher refrigeration effect along with reduced
power consumption, resulted in a higher COP.

The better performance of an HC compressor based
VCRS compared to a retrofitted VCRS using HC refriger-
ant R600a shows that the flexibility of retrofitting for the
long run is not economically viable. The power consump-
tion associated with retrofitting may exceed the cost of
replacing the compressor. Therefore, it is recommended to
switch from HFC to an HC compressor using HC refriger-
ant R600a to improve the performance of the VCRS.
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