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Article Info Abstract

The present issues related to global warming have attracted refrigerants with

Article history: low Global Warming Potential (GWP). Two of the most promising low-GWP

refrigerants, R32 (difluoromethane) and R290 (propane) are flammable. The
Received 1 July 2022 addition of a flame retardant to R290 or R32 can enhance their flammable
Revised 14 Sep 2022 characteristics. Trifluoroiodomethane (R13I1) is a flame retardant with an
Accepted 16 Sep 2022 enormously low global warming and can be used as a component of the

refrigerant. In addition, dispersing nanoparticles in these refrigerants improves
thermal conductivity. Nanorefrigerants are new refrigerants possessing better
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heat dissipation performance over traditional refrigerants. An ultra-low GWP
. . mixture refrigerant consisting of R32, R161 and trifluoroiodomethane with
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Power Saving: aluminum oxide (Alz03) nanoparticles is used in the present study. Simulation
Heat Tr nfgr' Model-based theoretical results of R410a and with R410a/Al:03, mixture
E:Zanc:mse:t' refrigerant (R32, R161 and trifluoroiodomethane) and nanorefrigerant (R32,

R161 and trifluoroiodomethane with aluminum oxide nanoparticles) are
carried. The study shows the coefficient of performance (COP) of R410a/Al.03
cop and M (R32/R161/R1311)/Alz:03 increased by 47.3% and 89.8% respectively.
The power-saving up to 31.8% and 47.2% at a volume concentration of 0.09%.
The comparison has been made with reference to the R410a/Al203 system. The
thermophysical properties of refrigerants have been calculated using REFPROP
(NIST properties of fluid reference). The theoretical model-based calculations
are computed in MATLAB software. This study provides an insight in providing
appropriate refrigerant substitutes for air conditioning systems.

Thermal conductivity;
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1. Introduction

In recent decades, R410a has been used broadly as a working refrigerant in air-
conditioning systems due to its suitable thermodynamic properties and cycle performance.
Global warming has become a critical issue in refrigeration and air-conditioning heat
pumps (RACHPs). This can be resolved by selecting very low Global Warming Potential
(GWP) refrigerants [1]. In the past few years, manufacturers have also adopted
environmentally friendly refrigerants such as R161, R32, R152a, R1270, R1150, R1234yf,
etc. R161 (CzHsF) has a zero ozone depletion effect and tremendously low GWP100 (about
12), and also possesses the most promising thermophysical properties and is considered
an alternative to R22 [2]. R13I1 a flame retardant provides outstanding environmental
performance with Low Global Warming Potential (LGWP about 1) and zero ozone
depletion effect [3].

Another issue is power consumption. Out of the total worldwide electricity consumption,
it is estimated that about 17% of electricity is consumed by refrigeration frameworks [4].
From another report, 25 to 30% of electricity is consumed by refrigeration air-
conditioning and heat pumps (RACHPs) [5], [6]. In order to acquire the refrigerant with
environmental friendly and excellent thermophysical cycle performance, a mixture
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refrigerant composed of R32/R161/R13I1 (i.e., mass fraction 22/48/30) as an alternative
for R410a [7]. The new mixture refrigerant is named as M which is shown in Fig. 1. This
study examined the viability of using M refrigerant as a substitute for R410a was
theoretically investigated from aspects of power-saving, greater cooling effect and
environment indicators by dispersing of Al203 (Alumina) nanoparticles in M refrigerant
which is completely ozone-friendly with low GWP (about 149) at volume concentration of
0.09%. And the results are compared with R410a. The mixture consisting of R32,R161 and
R13I1 can be estimated by equation 1 [3] and the thermophysical properties of
refrigerants are shown in Table 1. The current study of Al203 has been used as an account
of superior thermal conductivity and good stability behavior. In addition, literature has
shown that Alumina has the lowest precipitation rate and highest emulsification stability
compared to other nanoparticles [8]. The concentration of Al:03 in the current study is
limited to 0.09% only. The reason for this is that higher concentrations lead to
sedimentation, agglomeration and high pumping power. In addition, higher concentrations
result in poor stability [9]-[11]. The benefits of the nanofluids using data from the
literature, it has been discovered that, compared to conventional fluids, nanofluids exhibit
a significantly greater and substantially temperature-dependent thermal conductivity
with enhanced thermophysical and rheological properties, and low sedimentation and
agglomeration problems [12].

GWPyix = GWP, X Xu+ GWP, X X, + GWP, x X, (1)

where Xa, X» and Xc denote the mass fraction of components a, b and c respectively.

Table 1. Thermophysical properties of R410a and M refrigerants [7][13].

Refrigerant R410a M
Molecular formula (mass R32/R125 (50/50) R13I11/R32/R161
%) (30/22/48)
Molecular weight 72.5 93.29
Critical pressure (bar) 49 32.3
Critical Temperature (°C) 72.5 97.7
GWP 2088 149
oDP 0 0
Temperature glide at 25°C 0.1 3.23
Safety classification Al ~A2L

The use of nano additives in refrigeration and air-conditioning heat pumps (RACHPs) may
increase the efficiency of the system [14]. Nanoparticles possess enhanced thermophysical
properties and ameliorate the working fluid properties depending upon the particle
concentration, operating temperature, and size [15]. The higher the energy efficiency
rating, the more efficient the machine. The rating indicators may vary from country to
country as shown in Fig. 2 [16].
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Another advantage of nano additives in lubricating oil is to improve the solubility between
the compressor lubricant and refrigerant, which offers enhancement in the performance
of the system by recirculating more oil back to the compressor. More oil accumulation in
the compressor sump which prevents direct contact between the piston and cylinder
during motion, improves the mending, rolling, and polishing effects and reduction in the
coefficient of friction [17]-[22].
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Fig. 2 Efficiency ratings of available AC units by regional metric

Adelekan et al. [23] experimental investigation of TiOz nano-additives dispersed in R600a
refrigerant at 0.1g concentration and observed the highest refrigeration effect, least
compressor power and high COP. Marcucci et al. [24] explored the use of diamond
nanoparticles in polyol ester (POE) refrigerant oil at two mass concentrations, 0.1 and
0.5% in a refrigeration system. The cooling capacity increased by 4%, and 8%. The
discharge temperature was decreased by approximately 4 °C. Babarinde et al. [25] carried
out an experimental investigation of R600a/MWCNT- nanolubricant used in the domestic
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refrigerator instead of R134a with a various mass charge of Iso-Butane. The optimum
results showed that the lower evaporator temperature was -11 °C, the highest COP and
lower power consumption of 0.0639kW. Farid et al. [26] performed an experimental
investigation of W03 and MWCNT hybrid nanofluids. The thermal conductivity of nanofluid
and experimental equation is established to predict the thermal conductivity of nanofluid.
According to the obtained results, the role of volume fraction concentration on the thermal
conductivity of nanofluids is more effective compared to temperature. Ruhani et al. [27]
developed a new model for the rheological behavior of Silica-Ethylene glycol/Water (30
vol.%: 70% vol) hybrid Newtonian nanofluid. The current study investigates the
relationship between shear stress and shear rate is linear and the desired fluid is
Newtonian. The higher dispersion of the nanoparticles in the base fluid causes the relative
viscosity to increase as the volume fraction increases. In another study, the experimental
investigation of Multi-walled Carbon Nanotubes (MWCNTSs)-titania-Zinc oxide/water-
ethylene glycol (80:20) mono and hybrid nanofluid has been studied. The highest thermal
conductivity of nanofluid was obtained at a volume fraction of 0.4% at 50°C, which
increased by 17.82% and a comparison has been made with base fluid at the same
temperature [28], [29]. Yan et al. [30] carried out an experimental investigation on the
rheological properties of hybrid nanofluid (MWCNTs-ZnO/Water-EG (80:20 volume%))
(non-Newtonian). The viscosity of hybrid nanofluid was evaluated in the temperature
range of 25-50°C with various concentrations of 0.075, 0.15, 0.3, 0.6, 0.9 and 1.2%
respectively. At the maximum volume fraction concentration at 50, 40 and 30°C, the
viscosity is reduced by 21%, 17% and 8% to the reference temperature (25°C).

Tian et al. [31] performed Artificial Neural Network (ANN) to investigate the effect of
temperature and various volume fractions of Graphene oxide-Alumina hybrid
nanoparticles on thermal conductivity. The thermal conductivity of GO-Al.03/Water-EG
hybrid nanofluid is significantly affected by the volume percentage of nanoparticles.
Hossein and Toghraie [32] explored the use of various nanofluids on the performance of
heat pipe. The use of nanofluid instead of water (base fluid) resulted in higher thermal
efficiency. As thermal capacity increases, fluid pressure drops and the temperature
difference between condenser and evaporator increases. Damola et al. [33] performed
varied mass charges of LPG (0.2, 0.4 and 70 g) with various concentrations of TiO:
nanoparticles in mineral oil (MO). The highest COP obtained of 2.8 with a 40 g charge of
LPG utilizing a 0.4 g/L concentration of nano oil. Sabareesh et al. [22] experimentally
evaluated the application of TiO2 nano-additives in modifying the lubricating Mineral oil
(MO) at concentrations of 0.005, 0.01 and 0.015vol% respectively. At 0.01% volume
fraction, the maximum COP was enhanced by 17%, and compressor work was reduced by
11%. Ohunakin et al. [34] observed energy saving at a low concentration of Si02/MO and
50g of charge of LPG refrigerant using 0.4 g/L nanolubricant in a refrigeration system and
compared it with pure R134a. The maximum reduction in discharge temperature has been
attained with a 50g mass charge of LPG using 0.2g/L. Jiang et al. [35] has investigated the
performance of a refrigerator (R600a) graphite nanolubricants with mass fraction of 0%,
0.05%, 0.1%, 0.2%, and 0.5% respectively. The power-saving upto 4.55% and certain
reductions in condenser temperature, evaporator temperature, discharge pressure and
discharge temperature. Kumar et al. [36] used the influence of Al.03 nanoparticles in
compressor lubricant (MO) at 0.06% mass fraction. It is observed that the power saving
upto 11.5% and increment in freezing capacity when POE lubricant is replaced by a blend
of MO and Al203 nano additives. Gill et al. [37] studied the performance of Iso-Butane
refrigerant selected various mass charges (40g, 60 and 80g) at various concentrations of
Ti02-based nano lubricant of 0, 0.2, 0.4 and 0.6 g/L respectively. The results obtained lower
compressor power consumption, reduction in discharge temperature and pull-down time
by about 33.3%, 41.92% and 21% as compared with base refrigerant.
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Yang et al. [38] explored the use of graphene nanosheets in lubricant at various
concentrations of 30, 20 and 10 mg/L respectively. The refrigeration effect increased by
5.60% and the cooling capacity of the freezer increased by 4.70% at a concentration of 30
mg/L. The energy saving by utilizing the three concentrations of 20.3%, 19.2% and 15.4%
in 24 hours, respectively compared with the base oil. Babarinde et al. [39] examined the
performance of Iso-Butane environmentally friendly refrigerant in a domestic refrigerator.
The graphene nano additives were dispersed in the pure lubricant at different
concentrations of 0.6, 0.4 and 0.2 g/L in 50, 60 and 70g with various mass charges of R600a
refrigerant. In terms of COP, pull-down time, power consumption and cooling capacity, the
results showed that the nanolubricant in R600a outperformed over base lubricant.

Santhana et al. [40] investigated the influence of different nanoparticles CNT, ZrOz, Al203,
and SiO: dispersed in Poly-ol Ester (POE) oil at a concentration of 0.1% (w/v). In addition,
SiO2 in POE obtained the maximum increment in COP of 21.8% compared with Al203, ZrO,
CNT nanolubricants and pure POE lubricants. Omer et al. [41] examined the performance
of heat dissipation and thermophysical properties of CuO nano additives in R134a. The
results showed that the viscosity and density of the nanorefrigerant significantly increased
with the increment of volume concentrations. Nevertheless, these parameters have been
reduced accordingly with the increase in temperature. Kosmadakis and Neofytou [42]
utilize various nanoparticles in a heat pump working on a vapour compression system to
show the enhancement of heat transfer rate during boiling and condensation. This
numerical model-based study used suitable refrigerants (R1234yf and R134a) and
nanomaterials such as Cu, CuO and Al:03 respectively. The coefficient of performance of
the heat pump increased upto 5-6% at 5 wt.% concentration of Al203 and thereby
indicating the superior performance in comparison to CuO or Cu. In addition, there is a
total pressure drop upto 3.50%.

From the above literature analysis, it is clear that currently there are no appropriate ultra-
low GWP and eco-friendly nanorefrigerants for power saving in the air conditioning
system. Furthermore, earlier studies all dealt with the R410a substitute with GWP higher
than 150 and there are no nanorefrigerants that can serve as R410a alternatives with GWP
less than 150 with suitable thermophysical properties. The ultra-low GWP nano
refrigerant-based studies are almost negligibly available in academic libraries. This work
considers a Matlab-based simulation study of nanorefrigerants such as R410a/Al203 and
M (R32/R161/R1311)/Al:03 at 0.09% volume concentration. To add more novelty, a
detailed comparison between the refrigerants has been made to arrive at the optimal
refrigerant for commercial purposes based on low GWP and other viable parameters. The
major benefits of this novel method are low global warming emissions, high coefficient of
performance, and power saving.

2. Material and Methods

The properties of the pure refrigerant and nanorefrigerant such as pressure, temperature
and enthalpy are calculated through the density of pure and nanorefrigerant at points 1
and 3 as shown in Fig. 8. The density of nanorefrigerant is calculated from the equation 2
[Pak and Cho [43]]. Therefore, (pne), (pnr), (prr) and (¢) represents the density of
nanoparticle, nanorefrigerant, pure refrigerant and volume concentration respectively.
The density of Al203 (alumina) nanoparticles is considered as 3.9 g/cm?3 used in R410a and
M (R32/R161/R13I1) refrigerants at a volume concentration of 0.09% by using Eq. 3.

PNR = My Pyp T+ (1- mp) PPR (2)

¢=mp—/pr100 (3)

mp/ pp + MR/PR
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where,

pnr = Density of nanorefrigerant in g/m3,
pnp = Density of nanoparticle in g/m3,

prer = Density of pure refrigerant in g/m3,
¢ = volume concentration (%),

mp = mass of nanoparticle in grams,

pp = Density of particle in g/m3,

mg = mass of refrigerant in grams,

pr = Density of refrigerant in g/ms3.

2.1 Theoretical Simulation-Based Model of (R32/R161/R1311)/Al20s for
Vapour Compression Air Conditioning System

A MATLAB/Simulink model is developed to calculate the performance of the air
conditioner in terms of properties of pure and nanorefrigerant through the density of
nanorefrigerant by using Eq. 2, to evaluate the net refrigeration effect (NRE), COP and
power consumption in Simulink is depicted in Fig. 3. Theoretical comparative numerical
analysis and the formulas used as coding (Egs. 4-8) in MATLAB such as gauges, block
parameters of various signals, compressor, condenser, expansion device and evaporator

are also shown in Fig. 3.

2 toud —fie-
ol — ‘
-] UU‘U"LHJ‘U" st o -
(o] RI2R161/R1311:
\cvad | o G S M Vapor Compression
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hesyt Condenser i o =
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T T T

G A

pp—— T

AR

4
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- Exaporator wnit

Fig. 3 Air conditioning system using M/Al:0s nanorefrigerant in Simulink

2.2 Theoretical formulation used as coding in MATLAB

The results of M (R32/R161/R1311)/Al203 nanorefrigerant have been investigated and

compared with the performance of R410a/Alz0s in the system using Eqs. (4)-(8).
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Heat extracted (Q.) is given by

Qe = m(hy — hys) (kW) (4)
Compressor work done (kW) or power input is given by
We = m(h; — hy) (kw) (5)

Heat rejected in a condenser (kW) is given by

Qc = m (hz - hf3) kw) (6)
Refrigerant mass flow rate is given by

. __ Ref. capacity kg.
Myer = hi-hys (?) (7)

Coefficient of performance

_ Qevap
cop= Jm (8)
where ‘m’ is the mass flow rate (kg/s), h: is the enthalpy of saturated vapour (kJ/kg), hz is
the enthalpy of superheated vapour (k]J/kg) and hg is the enthalpy of saturated liquid
(kJ/kg). Fig.4 represents the flowchart of the developed model.

2.3 Assumptions
The important assumptions for leading this kind of theoretical model-based study are.

Pressure losses at the compressor inlet and outlet ports are neglected.
Pipelines pressure losses are neglected.

Heat losses and heat gains from or to the system are ignored.

[sentropic, mechanical and electric motor compressor efficiencies are
considered.

Degree of undercooling and superheating before compression are neglected.
e No deposition of nanoparticles at the solid wall.

3. Results and Comparison
3.1 Effect of nanoparticle concentration

Fig. 5 shows the graphical representation of variation in COP and power saving with
particle concentration for the two refrigerants in the form of bar charts. The charts clearly
illustrate that incorporating Al203 in M (R32/R161/R13I1) refrigerant improves the COP
and power saving compared with pure refrigerants. The coefficient of performance of
R410a and M (R32/R161/R13I1) nanorefrigerants at 0.09 vol.%, increased by 47.3% and
89.8% compared to the pure refrigerants. The power consumption of both the
nanorefrigerants is reduced by 31.8% and 47.2% respectively.
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Fig 5. COP and power consumption of the system as the function of particle concentration
Fig. 6 shows the corresponding variation of discharge pressure. The discharge pressure of

R410a/Al203 and M/Al:03 was reduced by 2.6% and 4.51% compared with pure
refrigerants of R410a and M.

30

I R410a/Al203
| M/Al03

PORESNL . O -

104 [ .

Discharge pressure, Py, (bar)

0 0.09
Particle Concentration (Vol%)

Fig. 6 Discharge pressure versus particle concentration

In addition, Figs. 7 and 8 illustrate the corresponding variation of discharge temperature.
As the discharge temperature reduces the heat rejection and absorption increase through
the condenser and evaporator. The discharge temperature of R410a/Al203 and M/Al203
was reduced by 11.86% and 19.4% compared with pure refrigerants of R410a and M.

3.2 Effect of Particle Concentration on Refrigeration Effect

Fig.9 shows the refrigeration effect versus particle concentration for R410a and M
respectively. There is a marked increment in the refrigeration effect at a volume
concentration of 0.09% for both refrigerants. The refrigeration effect of R410a/Al203 and
M/Al;0s increased by approximately 4.7% and 7% compared with pure refrigerants.
4. Numerical Method for Characterization of Nanorefrigerant

4.1 Effect of Nanoparticle Concentration on Thermal Conductivity

Fig.10 represents the thermal conductivity of Al203-R410a and Al203-R32/R161/R13I1 at
a volume concentration of 0.09% and compared with pure refrigerants. The thermal
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conductivity of nanoparticles (spherical shape) is measured by using Eq. 9 [44]. The
thermal conductivity of Alz03-R410a and Al203-R32/R161/R13I1 is 0.105 W/mK and
0.124 W/mK respectively. The thermal conductivity of Al203-R32/R161/R13I1
nanorefrigerant is 18.1% more than that of Al203-R410a nanorefrigerant. The increase in
Brownian motion, as well as the enhanced thermal conductivity of alumina nanoparticles,
contributes to the improvement in suspension stability [45].

ﬂ _ kp+2ke+2¢(kp—kp) ©)
ke kp+2ke—d (kp—ke)

where ¢, is the volume concentration of nanoparticles. kerr is the effective thermal
conductivity of the nanorefrigerant. ke and k, are the thermal conductivities of pure
refrigerant and nanoparticles respectively.

n w S al
o o o o
1 1 1 1

Discharge Temperature, T, (°C)

o
!

0 0.09
Particle Concentration (Vol%)

Fig. 7 Discharge temperature versus particle concentration
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Fig. 8 T-s diagram for pure and nanorefrigerant
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Fig. 10 Influence of nanoparticle (Al203) concentration on thermal conductivity
4.2 Effect of Nanoparticle Concentration on Viscosity

Fig.11 clearly shows the variation of viscosity of Al203-R410a and Al:03-R32/R161/R13I1
at a volume concentration of 0.09% and compared with pure refrigerants. The viscosity of
Al203-R410a and Al203-R32/R161/R13I1 nanorefrigerants was increased by 22.47% and
22.36% compared to the pure refrigerants. The pioneering model for estimating the
viscosity of nanofluids was proposed by Einstein in Eq. 10 [46].

Hnf = Wpe (1 +2.5¢) (10)

where pur is the viscosity of the base fluid and pxe is the viscosity of the nanofluid.
4.3 Effect of Nanoparticle Concentration on Density

The density of R410a/Al203 and (R32/R161/R1311)/Al203 nanorefrigerant was measured
by utilizing above mentioned Eq.2. Fig.12 represents the variation of nanorefrigerant
densities at a 0.09% volume concentration.
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5. Conclusions

In the current study, the numerical determination of thermophysical properties,
rheological properties, power-saving and long-term ultra-low global warming potential
(GWP) mixture of nanorefrigerants (R32/R161/R1311)/Al203 were carried out
numerically in MATLAB software. The NIST REFPROP software program is used to
generate thermophysical properties of the mixture of refrigerants and was developed in
MATLAB. The current investigation reinforces the concepts of power saving and
environmentally friendly behavior by incorporating an alumina-based nanorefrigerant
into the air-conditioning system. The system exhibits improved performance at a volume
concentration of 0.09% aluminium oxide. The simulation involving performance has been
performed using MATLAB software.

e The COP of R410a and M (R32/R161/R13I1) nanorefrigerants has increased by
47.3% and 89.8%), respectively in comparison to pure refrigerants.

158



Dilawar and Qayoum / Research on Engineering Structures & Materials 9(1) (2023) 147-162

The discharge temperature of R410a and M nanorefrigerants is reduced by
11.86% and 19.4% respectively and the comparison has been made with pure
refrigerants.

The discharge pressure of R410a and M nanorefrigerants was reduced by 2.6%
and 4.51% at a volume concentration of 0.09% compared to pure refrigerants.
The use of nano additives in R410a and M refrigerants lowers the power
consumption of the system by 31.8% and 47.2% respectively.

In addition, Al203 nano additives in R410a and M having a volume concentration
of 0.09%, increased the net refrigeration effect from 76.7-82% and 79.3-87%
respectively.

Heat extraction is augmented from the evaporator by adding aluminium oxide
nanoparticles to the refrigerants.

The cooling effect or heat extraction of R410a/Al203 and M/AL203
nanorefrigerants increased by approximately 4.7% and 7% at a volume
concentration of 0.09% compared to pure refrigerants.

The viscosity and density are increased by adding Al203 nanoparticles to both
refrigerants.

The viscosity of R410a and M nanorefrigerants was increased by 22.47% and
22.36% at a volume concentration of 0.09% compared to the pure refrigerants.
The thermal conductivity of R410a/Al203 and M/Al:03 is 0.105 W/mK and 0.124
W/mK respectively.

The thermal conductivity of M/Alumina nanorefrigerant is 18.1% more than that
of R410a/Alumina.

Nomenclature

Al203 Aluminium Oxide

cop Coefficient of Performance

NRE Net Refrigeration effect, (%)

GWP Global Warming Potential
(GWP)100 Global Warming Potential over 100 years
ODP Ozone Depletion Potential

M Mixture (R32/R161/R1313)

Q Heat Transfer per Unit Mass, (kW)
(0] Nanoparticle Volume Concentration, (%)
T Temperature, (°C)

GHG Greenhouse Gas

NR Nanorefrigerant

Vol. Volume

mr Mass of Refrigerant, (kg s)

p Density, (kg m3)

POE Poly-Easter Oil

MO Mineral Oil

Subscripts

Comp Compressor

Disch Discharge

Sup Superheated

c Condenser

Evap Evaporator

159



Dilawar and Qayoum / Research on Engineering Structures & Materials 9(1) (2023) 147-162

References

[1] Montzka SA, Dutton GS, Yu P, Ray E, Portmann RW, Daniel JS, et al. An unexpected and
persistent increase in global emissions of ozone-depleting CFC-11. Nature. 2018
May;557(7705):413-7. https://doi.org/10.1038/s41586-018-0106-2

[2] Yang Z, Wu X, Wang X, Tian T. Research on the flammable characteristics of
fluoroethane (R161) and its binary blends. International Journal of Refrigeration. 2015
Aug;56:235-45. https://doi.org/10.1016/].ijrefrig.2015.03.020

[3] Zhang N, Dai Y, Feng L, Li B. Study on environmentally friendly refrigerant
R13I11/R152a as an alternative for R134a in automotive air conditioning system.
Chinese Journal of Chemical Engineering. 2022 Apr;44:292-9.
https://doi.org/10.1016/j.cjche.2021.02.028

[4] International Institute of Refrigeration, "29th Informatory Note on refrigeration
technologies: The role of refrigeration in the global economy,"” Nov. 2015, Iir, no. 29, p.
16.

[5] United Nations Environment Programme, The Importance of Energy Efficiency in the
Refrigeration and Heat Pump Sectors; 2018; Environment Programme, Briefing Note A,
no. May, pp. 1-15.

[6] Gulzar O, Qayoum A, Gupta R. Photo-thermal characteristics of hybrid nanofluids based
on Therminol-55 oil for concentrating solar collectors. Appl Nanosci. 2019
Jul;9(5):1133-43. https://doi.org/10.1007/s13204-018-0738-4

[7] Yu B, Ouyang H, Shi ], Guo Z, Chen J. Experimental evaluation of cycle performance for
new-developed refrigerants in the electric vehicle heat pump systems. International
Journal of Refrigeration. 2021 Sep;129:118-27.
https://doi.org/10.1016/j.ijrefrig.2021.04.037

[8] Farhana K, Kadirgama K, Rahman MM, Noor MM, Ramasamy D, Samykano M, et al.
Significance of alumina in nanofluid technology. ] Therm Anal Calorim. 2019
Oct;138(2):1107-26. https://doi.org/10.1007/s10973-019-08305-6

[9]Jwo C, Jeng L, Teng T, Chang H. Effects of nanolubricant on performance of hydrocarbon
refrigerant system. ] Vac Sci Technol B. 2009;27(3):1473.
https://doi.org/10.1116/1.3089373

[10] Stephen EN, Asirvatham LG, Kandasamy R, Solomon B, Kondru GS. Heat transfer
performance of a compact loop heat pipe with alumina and silver nanofluid. ] Therm
Anal Calorim. 2019 Apr;136(1):211-22. https://doi.org/10.1007/s10973-018-7739-0

[11] Motevasel M, Solaimany Nazar AR, Jamialahmadi M. Experimental study on turbulent
convective heat transfer of water-based nanofluids containing alumina, copper oxides
and silicon carbide nanoparticles. ] Therm Anal Calorim. 2019 Jan;135(1):133-43.
https://doi.org/10.1007/s10973-018-7314-8

[12] Kugarajah V, OjhaAK, Hadem H, Dasgupta N, Mishra BN, Ranjand S,Dharmalingam S.
Nanoparticles and nanofluids: Characteristics and behavior aspects, Food, Medical, and
Environmental Applications of Nanomaterials, 2022; 41-71.
https://doi.org/10.1016/B978-0-12-822858-6.00002-9

[13] L-P. E. supported by A. Research, https://www.ashrae.org/technical-
resources/ashrae-handbook. 2017.

[14] Ali B, Qayoum A, Saleem S, Mir FQ. Synthesis and characterization of high-quality multi
layered graphene by electrochemical exfoliation of graphite. Res Eng Struct Mater.
2022; 8(3): 447-462. https://doi.org/10.17515/resm2022.384na0121

[15] Bhat AY, Qayoum A. Viscosity of CuO nanofluids: Experimental investigation and
modelling with FFBP-ANN. Thermochimica Acta. 2022 Aug;714:179267.
https://doi.org/10.1016/].tca.2022.179267

[16] C. Delmastro, "https://www.iea.org/reports/cooling." 2020, [Online]. Available:
https://www.iea.org/reports/cooling.

160


https://doi.org/10.1038/s41586-018-0106-2
https://doi.org/10.1016/j.ijrefrig.2015.03.020
https://doi.org/10.1016/j.cjche.2021.02.028
https://doi.org/10.1007/s13204-018-0738-4
https://doi.org/10.1016/j.ijrefrig.2021.04.037
https://doi.org/10.1007/s10973-019-08305-6
https://doi.org/10.1116/1.3089373
https://doi.org/10.1007/s10973-018-7739-0
https://doi.org/10.1007/s10973-018-7314-8
https://doi.org/10.1016/B978-0-12-822858-6.00002-9
https://www.ashrae.org/technical-resources/ashrae-handbook.%202017
https://www.ashrae.org/technical-resources/ashrae-handbook.%202017
https://doi.org/10.17515/resm2022.384na0121
https://doi.org/10.1016/j.tca.2022.179267
https://www.iea.org/reports/cooling

Dilawar and Qayoum / Research on Engineering Structures & Materials 9(1) (2023) 147-162

[17] Ali B, Qayoum A, Saleem S, Mir FQ. “Experimental investigation of Nanofluids for
Heat pipes used in solar Photovoltaic Panels (Article in press),” Journal of thermal
engineering, 2022.

[18] Gulzar O, Qayoum A, Gupta R. Experimental study on stability and rheological
behaviour of hybrid Al203-TiO2 Therminol-55 nanofluids for concentrating solar
collectors. Powder Technology. 2019 Jun;352:436-44.
https://doi.org/10.1016/j.powtec.2019.04.060

[19] Gulzar O, Qayoum A, Gupta R. Experimental study on thermal conductivity of mono
and hybrid Al 2 O 3 -TiO 2 nanofluids for concentrating solar collectors. Int ] Energy
Res. 2021 Mar 10;45(3):4370-84. https://doi.org/10.1002/er.6105

[20] Ali MKA, Xianjun H. Improving the tribological behavior of internal combustion
engines via the addition of nanoparticles to engine oils. Nanotechnology Reviews. 2015
Jan 1;4(4):< Missing page number>. https://doi.org/10.1515 /ntrev-2015-0031

[21] Mohanraj M, Jayaraj S, Muraleedharan C. Environment friendly alternatives to
halogenated refrigerants-A review. International Journal of Greenhouse Gas Control.
2009 Jan;3(1):108-19. https://doi.org/10.1016/].ijggc.2008.07.003

[22] Krishna Sabareesh R, Gobinath N, Sajith V, Das S, Sobhan C. Application of TiO2
nanoparticles as a lubricant-additive for vapor compression refrigeration systems - An
experimental investigation. International Journal of Refrigeration. 2012
Nov;35(7):1989-96. https://doi.org/10.1016/j.ijrefrig.2012.07.002

[23] Adelekan D, Ohunakin O, Gill ], Atiba O, Okokpujie I, Atayero A. Experimental
Investigation of a Vapour Compression Refrigeration System with 15nm TiO2-R600a
Nano-Refrigerant as the Working Fluid. Procedia Manufacturing. 2019;35:1222-7.
https://doi.org/10.1016/j.promfg.2019.06.079

[24] Marcucci Pico DF, da Silva LRR, Schneider PS, Bandarra Filho EP. Performance
evaluation of diamond nanolubricants applied to a refrigeration system. International
Journal of Refrigeration. 2019 Apr;100:104-12.
https://doi.org/10.1016/j.ijrefrig.2018.12.009

[25] Babarinde T, Akinlabi S, Madyira D. Energy performance evaluation of
R600a/MWCNT-nanolubricant as a drop-in replacement for R134a in household
refrigerator system. Energy Reports. 2020 Feb;6:639-47.
https://doi.org/10.1016/j.egyr.2019.11.132

[26] Soltani F, Toghraie D, Karimipour A. Experimental measurements of thermal
conductivity of engine oil-based hybrid and mono nanofluids with tungsten oxide
(W03) and MWCNTs inclusions. Powder Technology. 2020 Jun;371:37-44.
https://doi.org/10.1016/j.powtec.2020.05.059

[27] Ruhani B, Barnoon P, Toghraie D. Statistical investigation for developing a new model
for rheological behavior of Silica-ethylene glycol/Water hybrid Newtonian nanofluid
using experimental data. Physica A: Statistical Mechanics and its Applications. 2019
Jul;525:616-27. https://doi.org/10.1016/j.physa.2019.03.119

[28] Boroomandpour A, Toghraie D, Hashemian M. A comprehensive experimental
investigation of thermal conductivity of a ternary hybrid nanofluid containing
MWCNTs- titania-zinc oxide/water-ethylene glycol (80:20) as well as binary and mono
nanofluids. Synthetic Metals. 2020 Oct;268:116501.
https://doi.org/10.1016/j.synthmet.2020.116501

[29] He W, Ruhani B, Toghraie D, Izadpanahi N, Esfahani NN, Karimipour A, et al. Using of
Artificial Neural Networks (ANNs) to predict the thermal conductivity of Zinc Oxide-
Silver (50%-50%)/Water hybrid Newtonian nanofluid. International Communications
in Heat and Mass Transfer. 2020 Jul;116:104645.
https://doi.org/10.1016/j.icheatmasstransfer.2020.104645

[30] Yan S, Toghraie D, Abdulkareem LA, Alizadeh A, Barnoon P, Afrand M. The rheological
behavior of MWCNTs-Zn0O/Water-Ethylene glycol hybrid non-Newtonian nanofluid by

161


https://doi.org/10.1016/j.powtec.2019.04.060
https://doi.org/10.1002/er.6105
https://doi.org/10.1515/ntrev-2015-0031
https://doi.org/10.1016/j.ijggc.2008.07.003
https://doi.org/10.1016/j.ijrefrig.2012.07.002
https://doi.org/10.1016/j.promfg.2019.06.079
https://doi.org/10.1016/j.ijrefrig.2018.12.009
https://doi.org/10.1016/j.egyr.2019.11.132
https://doi.org/10.1016/j.powtec.2020.05.059
https://doi.org/10.1016/j.physa.2019.03.119
https://doi.org/10.1016/j.synthmet.2020.116501
https://doi.org/10.1016/j.icheatmasstransfer.2020.104645

Dilawar and Qayoum / Research on Engineering Structures & Materials 9(1) (2023) 147-162

using of an experimental investigation. Journal of Materials Research and Technology.
2020 Jul;9(4):8401-6. https://doi.org/10.1016/j.jmrt.2020.05.018

[31] Tian S, Arshad NI, Toghraie D, Eftekhari SA, Hekmatifar M. Using perceptron feed-
forward Artificial Neural Network (ANN) for predicting the thermal conductivity of
graphene oxide-Al203/water-ethylene glycol hybrid nanofluid. Case Studies in
Thermal Engineering. 2021 Aug;26:101055.
https://doi.org/10.1016/j.csite.2021.101055

[32] Kavusi H, Toghraie D. A comprehensive study of the performance of a heat pipe by
using of various nanofluids. Advanced Powder Technology. 2017 Nov;28(11):3074-84.
https://doi.org/10.1016/j.apt.2017.09.022

[33] Adelekan DS, Ohunakin OS, Babarinde TO, Odunfa MK, Leramo RO, Oyedepo SO, et al.
Experimental performance of LPG refrigerant charges with varied concentration of TiO
2 nano-lubricants in a domestic refrigerator. Case Studies in Thermal Engineering.
2017 Mar;9:55-61. https://doi.org/10.1016/j.csite.2016.12.002

[34] Ohunakin OS, Adelekan DS, Gill ], Atayero AA, Atiba OE, Okokpujie IP, et al
Performance of a hydrocarbon driven domestic refrigerator based on varying
concentration of SiO2 nano-lubricant. International Journal of Refrigeration. 2018
Oct;94:59-70. https://doi.org/10.1016 /j.ijrefrig.2018.07.022

[35] Lou ], Zhang H, Wang R. Experimental investigation of graphite nanolubricant used in
a domestic refrigerator. Advances in Mechanical Engineering. 2015 Jan
1;7(2):168781401557101. https://doi.org/10.1177/1687814015571011

[36] Kumar RR, Sridhar K, Narasimha M. Heat transfer enhancement in domestic
refrigerator using. International Journal of Computational Engineering Research, 2013;
3:42-50.

[37] Jatinder G, Ohunakin OS, Adelekan DS, Atiba OE, Daniel AB, Singh ], et al. Performance
of a domestic refrigerator using selected hydrocarbon working fluids and Ti0O2-MO
nanolubricant.  Applied  Thermal  Engineering. 2019 Sep;160:114004.
https://doi.org/10.1016/j.applthermaleng.2019.114004

[38] Yang S, Cui X, Zhou Y, Chen C. Study on the effect of graphene nanosheets refrigerant
oil on domestic refrigerator performance. International Journal of Refrigeration. 2020
Feb;110:187-95. https://doi.org/10.1016/].ijrefrig.2019.11.008

[39] Babarinde T, Akinlabi S, Madyira D, Ekundayo F. Enhancing the energy efficiency of
vapour compression refrigerator system using R600a with graphene nanolubricant.
Energy Reports. 2020 Feb;6:1-10. https://doi.org/10.1016/j.egyr.2019.11.031

[40] Santhana Krishnan R, Arulprakasajothi M, Logesh K, Dilip Raja N, Rajendra M. Analysis
and Feasibilty of Nano-Lubricant in Vapour Compression Refrigeration System.
Materials Today: Proceedings. 2018;5(9):20580-7.
https://doi.org/10.1016/j.matpr.2018.06.437

[41] Alawi OA, Sidik NAC. Influence of particle concentration and temperature on the
thermophysical properties of CuO/R134a nanorefrigerant. International
Communications in Heat and Mass Transfer. 2014 Nov;58:79-84.
https://doi.org/10.1016/j.icheatmasstransfer.2014.08.038

[42] Kosmadakis G, Neofytou P. Investigating the effect of nanorefrigerants on a heat pump
performance and cost-effectiveness. Thermal Science and Engineering Progress. 2019
Oct;13:100371. https://doi.org/10.1016/j.tsep.2019.100371

[43] Y. I. C. Bock Choon Pak, Hydrodynamic and Heat Transfer Study of Dispersed Fluids
With Submicron Metallic Oxide. Experimental Heat Transfer: A Journal of , Thermal
Energy Transport, Storage , and Conversion, no. January 2013, pp. 37-41, 2013.

[44] M. ]. Clerk, Maxwell. 2010.

[45] Toghraie D, Chaharsoghi VA, Afrand M. Measurement of thermal conductivity of ZnO-
TiO2/EG hybrid nanofluid. ] Therm Anal Calorim. 2016 Jul;125(1):527-35.
https://doi.org/10.1007/s10973-016-5436-4

[46] A. Einstein, Viscosity. 1905.

162


https://doi.org/10.1016/j.jmrt.2020.05.018
https://doi.org/10.1016/j.csite.2021.101055
https://doi.org/10.1016/j.apt.2017.09.022
https://doi.org/10.1016/j.csite.2016.12.002
https://doi.org/10.1016/j.ijrefrig.2018.07.022
https://doi.org/10.1177/1687814015571011
https://doi.org/10.1016/j.applthermaleng.2019.114004
https://doi.org/10.1016/j.ijrefrig.2019.11.008
https://doi.org/10.1016/j.egyr.2019.11.031
https://doi.org/10.1016/j.matpr.2018.06.437
https://doi.org/10.1016/j.icheatmasstransfer.2014.08.038
https://doi.org/10.1016/j.tsep.2019.100371
https://doi.org/10.1007/s10973-016-5436-4

	cover
	resm2022.459ma0701

