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Abstract: Nanofluids are considered a promising choice for several heat transfer applications. With
the increasing awareness for energy saving and efficiency improvement in various thermal systems,
including refrigeration systems, there is a growing interest in the refrigerant-based nanofluids owing
to their superior thermo-physical properties. Nanorefrigerants are a class of nanofluid, which consist
of suspended nanoparticles in a base refrigerant. In this paper, it is intended to include many
articles on refrigeration systems that use nanorefrigerants, published in the period from 2005 to
2015. Although this is an extensive review, it could not include all the papers, and only some
major research works were selected. It is believed that the dependency of thermal conductivity
and other properties on temperature will make the thermal systems more efficient while operating
at a high temperature. The literature reviews associated with the performance characteristics of
nanorefrigerants in refrigeration systems for the last 10 years have been compiled and presented in
this paper. Furthermore, recent studies related to thermo-physical properties of nanorefrigerants and
nanolubricants have also been summarized and reviewed in this paper.
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1. Introduction

Nanofluids are a newly developed class of fluid in which nano-size particles are suspended in
the base fluid. Various researchers have investigated the heat transfer characteristics and potential
usage of nanofluids in several applications. Wen et al. [1] presented a critical review of the research on
heat transfer applications of nanofluids, and discussed the inconsistency and controversy in various
results associated with nanofluids. For example, some investigations [2,3] reported an increase in
boiling heat transfer of nanofluids, and Bang et al. [4] have reported the decrease in boiling heat
transfer of nanofluids. The results seem conflicting with the same nanoparticles and similar test
conditions. In addition, the critical heat flux enhancement reported to vary from 10%—-40% [4] to
200%—400% [5], which indicates the lack of knowledge of mechanism and parametric effect on heat
transfer properties of nanofluids. Some reasons for these contradictions may be the failure of surfactant
at high temperature. Torii [6] investigated the possibility of using nanofluids as the working fluid in
heat exchangers. Sozen et al. [7] assessed the impact of a mixture of cooling/absorption fluid with
Al,O3 nanoparticles. Saidur et al. [8] presented a review on the application of nanofluids and the
challenges involved in their usage. The fluids currently used in various heat transfer applications,
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such as refrigeration, air-conditioning, coolants, and lubricants, have good compatibility with those
systems. However, the inherent low thermal conductivity of these fluids makes most of the operating
thermal systems less efficient. Previously, attempts have been made to use micro-sized metal particles
to enhance the thermal conductivity of the mixture. However, these attempts had failed because
of the poor suspension of the particles and clogging of the mixture. Considering better suspension
stability and advancement of production techniques, nanofluids are a promising option for use as
a more efficient heat transfer fluid. For example, Yant et al. [9] found that 0.3 wt% MWCNT-R141b
refrigerant-based nanofluid had the optimum heat transfer enhancement, with maximum Nusselt
numbers higher by 40% as compared to the base refrigerant.

Energy scarcity and depletion of conventional energy resources are some of the most important
problems faced by the world today [10]. Energy needs are increasing rapidly, and there is an urgent
need to develop more efficient thermal systems and reduce the usage of ineffective methods of heat
transfer. Refrigeration and air conditioning systems constitute a large part of energy consumption
worldwide. The Montreal protocol (1987) and Kyoto protocol (1997) have prohibited the use of
the factors responsible for ozone layer depletion and global warming, respectively. Although
chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) are efficient refrigerants, they
have been outlawed worldwide for having high ozone depletion potential (ODP). Moreover, there is a
growing urgency to reduce the usage of hydrofluorocarbons (HFCs), which have high global warming
potential (GWP). The coefficient of performance (COP) of a refrigeration system is defined as the ratio of
heat removal rate on the evaporator side to the mechanical work input on the compressor side. The COP
can be upgraded in two ways: firstly, by increasing the heat removal rate at the evaporator side, and
secondly, by decreasing the compressor work. Many researchers have investigated the possibility of
introducing nanoparticles in refrigerants to develop a new class of nanofluids called “nanorefrigerants”,
and investigated their performance and applications. Some researchers have studied the application of
nanoparticles in the lubricating oil of a compressor to reduce the compressor work.

In the literature reviews related to nanorefrigerants, most reviewers have focused on
thermo-physical properties, and preparation and applications of nanorefrigerants. Alawi ef al. [11]
reviewed the thermal-physical properties of nanoparticles suspended in the nanorefrigerant and
nanolubricants of refrigeration systems. The authors also presented the nanorefrigerant studies
related to the heat transfer, pressure drop flow and pool boiling. Cheng et al. [12] conducted a
comprehensive review of the refrigerant-based nanofluids for boiling and two-phase phenomena, and
concluded that there are many unresolved problems associated with these phenomena. The authors
also reviewed the effects of nanolubrication on boiling and two-phase flow phenomena. Sidik et al. [13]
presented a comprehensive review of nucleate pool boiling, flow boiling, condensation, and two-phase
flow of refrigerant-based nanofluids. Celen et al. [14] presented a review on the nanofluid flow
characteristics and tried to clarify the effect of nanorefrigerant properties on heat transfer and pressure
drop as compared to a base refrigerant. Although comprehensive reviews of the performance of
the nanorefrigerants have been carried out in the past, to the authors’ best knowledge, an intensive
review for the period from 2005 to 2015 has not been carried out [15]. Thus, the research trends on
the performance characteristics of many refrigeration systems using nanorefrigerants are surveyed,
and specifically, concise and precise reviews on related papers published in the period from 2005 to
2015 have been considered for providing the intensive data and core information for researchers and
engineers working for development of highly efficient refrigeration systems as well as thermal systems.
Therefore, the objective of this review summarizes the work carried out on the thermo-physical
properties and performance characteristics of the nanorefrigerants used in the refrigeration systems.

2. Thermo-Physical Properties

All the heat transfer applications are bounded by the finite values of thermo-physical properties in
any heat transfer media. These properties play a crucial role in deciding the magnitude of heat transfer.
Philip et al. [16] reviewed the thermal properties of nanofluids. Active or passive techniques can be
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used to change the heat transfer performance. Active techniques include mechanical operations like
vibrations and related operations. Passive techniques include customization of fluid properties and
changing the surface area and shape. Passive techniques are cheaper, convenient, and more effective.
Enhancing the heat transfer performance by suspending nanoparticles in a base fluid comes under
the category of passive technique. Recently, there have been many investigations to increase the heat
transfer performance in refrigeration systems using nanorefrigerants and nanolubricants. Therefore,
the quantification of the effect of variations in volume concentration and geometric features, such
as size and shape, on the thermo-physical properties of nanorefrigerants and nanolubricants, and
performance of refrigeration systems was mainly considered in this part.

2.1. Thermal Conductivity

To assess the heat transfer potential of a nanorefrigerant, it is important to know its thermal
conductivity. Quantitatively, the value of the thermal conductivity of a medium shows its ability
to transfer heat. The need to develop more efficient systems with higher heat transfer and to
understand the underlying mechanism of heat transfer were the main driving forces for the numerous
investigations carried out on the thermal conductivity of nanofluids. A benchmark experimental
study on thermal conductivity of nanofluids “International Nanofluid Property Benchmark Exercise
(INPBE)” [17] was carried out by a group of more than 30 organizations using different experimental
methods. The effects of the experimental approach on the thermal conductivity have been discussed
in this report. This investigation shows that the different measurement techniques can affect the
measured value of thermal conductivity. For example, in thermal hot wire (THW) apparatus with
or without insulation can give different thermal conductivity value due to current leakage into
the fluid. However, very little investigations have been carried out on the thermal conductivity of
nanorefrigerants. Very few notable investigations have been conducted experimentally and numerically
to determine the thermal conductivity of a nanorefrigerant in the last decade [18]. Peng et al. [19]
have experimentally investigated the thermal conductivity of a nanorefrigerant, and proposed a
model to predict the thermal conductivity. The authors used spherical nanoparticles of copper,
aluminum, nickel, copper oxide, and aluminum oxide with mean diameters of 25, 18, 20, 40, and
20 nm, respectively, in R-113 refrigerant. The authors concluded that with increase in nanoparticle
concentration, the thermal conductivity increases sharply. Additionally, they reported that for the
same volume concentration, the thermal conductivity values for different types of nanoparticles
showed little variation. Alawi et al. [20] used the thermal conductivity model developed by Koo and
Kleinstreuer [21] which takes the effects of particle size, particle volume fraction, Brownian motion
and temperature dependence into consideration and found that the increase in thermal conductivity of
a nanorefrigerant was 141% for 5 vol% concentration of spherical CuO/R134a. The authors found a
43% increase in thermal conductivity at a temperature of 325 K for 5 vol% nanoparticle concentration.
They also deduced that the variation in thermal conductivity is proportional to temperature. Figure 1
shows the variation in thermal conductivity of CuO/R134a nanorefrigerant as a function of particle
concentration. Mahbubul et al. [22] investigated the effect of volume concentration and temperature
on Al,O3/R141b nanorefrigerant. In an experimental investigation on Al,O3 nanoparticle having a
mean diameter of 13 nm, the authors varied the volume concentration and temperature from 0.5% to
2% and 5 to 20 °C, respectively, and found that for 2 vol% concentration, the thermal conductivity
enhancement was 141% as compared to the base fluid. While investigating for effects of temperature on
thermal conductivity, they reported that the thermal conductivity was 1.626 times more as compared
to base fluid at 2 vol% concentration and at 20 °C. An increase in temperature causes an increase in the
Brownian motion in nanorefrigerants, which enhances the contribution from micro-convention, thereby
increasing the heat transfer. Mahbubul et al. [23] used the thermal conductivity model proposed by
Sitprasert et al. [24], which considers the effects of a temperature-dependent interfacial layer along
with particle size and concentration. The authors stressed that the results obtained are more accurate
than those obtained using the Leong et al. model [25], which assumed 1 nm thickness for the interfacial
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layer. Further, the particle size was varied from 5 to 25 nm instead of having a fixed value of 30 nm,
and the effect of this variation was investigated.
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Figure 1. Variation in thermal conductivity of CuO/R134a as a function of particle volume fraction
(at 300 K) [20].

Figure 2 shows that the ratio of effective thermal conductivity of the nanofluid to the thermal
conductivity of the base fluid of Al;O3/R-134a nanorefrigerant reduces with an increase in the particle
size of Al,Os. This is due to the influence of the nanolayer or the interfacial layer. Because of the
increase in surface area, the effect of interfacial layer increases, resulting in the increase in thermal
conductivity. To investigate the effect of temperature on thermal conductivity, the temperature was
varied from 300 to 325 K. Figure 3 shows that a maximum increase of 43% in thermal conductivity
was found at 325 K with 5 vol% concentration of nanoparticles. At a temperature of 300 K with 1 vol%
nanoparticle concentration, the thermal conductivity was found to be minimal with only 4% increase.
Figure 3 shows that the thermal conductivity is proportional to temperature, and that the variation is
less for lower temperatures and with low volume concentration of nanoparticles. These findings will
be useful in various applications. Figure 4 shows a comparison of the results of the study of thermal
conductivity on Al;O3/R134a nanorefrigerant with those of previously carried out work with different
nanorefrigerants. The CNT based refrigerant is found to have higher thermal conductivity owing to
the superior thermal conductivity of CNT particles.
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Figure 2. Thermal conductivity ratio as a function of particle size [23].



Energies 2016, 9, 22 50f 16

1.5
é-"" —e— | vol.%
3 —= - 2 vol.% o
< Lar 3 vol.% —
‘E -8--4 vol.% .- ...
2 13F = 5 vol.% e ¥
:E — - S a
S O Lo
= - P
g2y
8 e S-— .
= R
E 11} S mm T -
o - . * —
= + + hd
= -— ‘
300 305 310 315 320 325

Temperature (K)

Figure 3. Thermal conductivity ratio as a function of temperature [23].
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Figure 4. Comparison of k¢ /k¢ values of nanorefrigerants for different types of nanoparticles, base
fluids, and particle concentrations [23].

2.2. Viscosity

Viscosity is an important factor to be considered in the case of nanorefrigerants, as a variation in
viscosity affects the pressure drop, and consequently, affects the pumping capacity. Mehbubul et al. [26]
investigated the variation in viscosity of TiO, /R123 nanorefrigerant by varying the temperature from
5 to 20 °C, and volume concentration from 0 to 2%. The authors concluded that viscosity increased
with higher volume concentration of nanoparticles, and decreased as temperature was increased. This
trend is similar to the one observed in the previously carried out work on the viscosity variation
of nanorefrigerants. Figure 5 shows that the viscosity of TiO, /R123 increased as the nanoparticle
concentration is increased. The authors indicated that the variation in the rate of increase in viscosity,
when compared with the results of previous work [27,28], was due to the experimental setup, stability
of nanofluids, and agglomeration of nanoparticles. Figure 6 shows the variation in viscosity of a
nanorefrigerant with temperature for different concentrations of nanoparticles. It follows the previously
indicated trend of decrease in viscosity with increase in temperature.
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Figure 6. Effect of temperature on viscosity of nanorefrigerants [26].

As mentioned earlier, this is due to intensified Brownian motion at higher temperatures [29,30].
The highest viscosity was observed at 5 °C and 2 vol% concentration. In addition, due to the importance
of the nanolubricants, which were defined as lubricants with dispersed nanoparticles and the process
of design and formulation of lubricants for better performance, it is important to perform investigations
related to viscosity and density. Viscosity plays a critical role as far as a compressor is concerned. There
are distinct requirements for lubricant viscosity used in compressors. Kedzierski [31] investigated
the kinematic viscosity of Al,O3/synthetic polyolester which is used as a nanolubricant. The author
considered a temperature range of 288 to 318 K with two different diameters of nanoparticles: 60 and
10 nm, respectively. To maintain proper dispersion of the spherical nanoparticles, surfactants were
used. The mass fractions of the nanoparticles and surfactants were used as variable parameters.
In addition, the author developed a model to predict the kinematic viscosity, considering the viscosities
of the mixture of the nanoparticle, the surfactant, and the base fluid, as a function of temperature,
nanoparticle mass fraction, surfactant mass fraction, and nanoparticle diameter. Figures 7 and 8
show the variation in kinematic viscosity with temperature at atmospheric pressure, for nanoparticle
diameters of 10 and 60 nm, respectively. A three-dimensional display in Figure 9 indicates that the
viscosity decreases with the increase in mass fraction of surfactant in the temperature range of 288 to
300 K, while for the temperature range of 300 to 318 K, the opposite trend was observed.



Energies 2016, 9, 22

7 of 16

AlLO,; Nanolubricant
Viscosity: Dy, = 10 nm

LIS B B e I e e B e |
! T ! ! ! ! !

% mass
R M fraction ALO;
siniin 959 Z 506
confidence 0 [ 15.0
interval ¢ [ 244
‘; \ * | 248
a | 250

o b o b by o b

2500
2000
—_ L
e L
'wvn 1500
NE i
E 1000
~ [
500

0 '

280

285 290 295

320

Figure 7. Kinematic viscosity of Al,O3 nanolubricant with 10 nm diameter nanoparticles for various

mass fractions and temperatures (measured at atmospheric pressure) [31].

2500 [ R . -
F » .
L Al,0; Nanolubricant
2000 Viscosity: D, = 60 nm N
[ % mass ]
L fraction ALO, |
P [ —— Mean e 1 56 1 1
- 1500 otz 959% M 5.0 |
w L
&l r confidence [~a [ 250
£ F interval + 1300
g L v [ 385
— 1000 [ 39.2 | 1
e r * | 396
500 |- N
P PPN RPN PPN B B B P s o .
280 285 290 295 300 305 310 315 320
T[K]

Figure 8. Kinematic viscosity of Al,O3 nanolubricant with 60 nm diameter nanoparticles for various

mass fractions and temperatures (measured at atmospheric pressure) [31].

Figure 9. Effect of surfactant mass fraction (Xs) and temperature on Al,O3 nanolubricant (Xnp)

viscosity [31].



Energies 2016, 9, 22 8 of 16

2.3. Density

For proper lubrication performance of a compressor, the viscosity and density of the nanolubricant
are important. Kedzierski [32] experimentally studied the variation of viscosity and density of CuO
nanolubricant with different nanoparticle mass fractions (2.9%, 5.6% and 39.2%) for a temperature
range of 288 to 318 K with spherical nanoparticles of diameter of 30 nm. Figure 10 shows that the
density of the CuO nanolubricant decreases with temperature at atmospheric pressure. The author
also concluded that, density increases with an increase in the CuO mass fraction.
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Figure 10. Density of CuO nanolubricant for various mass fractions (measured at atmospheric
pressure) [32].

From the above reviewed articles, it can be seen that the thermal and physical properties
largely affect the behavior of nanorefrigerants. Thermal conductivity influences the heat transfer
characteristics of nanorefrigerants, whereas viscosity and density influence the pumping capacity.
When the nanoparticle concentration is increased, thermal conductivity increases, because the thermal
conductivity of the nanoparticles is higher than that of the base fluid. In addition, viscosity and density
also increase when the nanoparticle concentration is increased. The various investigations conducted
in the last decade on this topic suggest that the investigations are now focusing on other properties
also, instead of focusing only on thermal conductivity. In addition, researchers are more interested in
determining the optimum values of nanoparticle variables to have an overall optimized result.

3. Performance Characteristics of Refrigeration Systems

Nanorefrigerants are considered a promising option to improve the performance of various
thermal systems like refrigeration and air conditioning because nanorefrigerants will improve the
heat transfer performance of refrigeration systems. Previous research indicates that the use of
nanorefrigerants instead of base refrigerants in refrigeration systems can provide several benefits.
Higher thermal conductivity and improved heat transfer characteristics can largely alter the overall
performance of the system [33]. Nanorefrigerants may or may not affect the solubility of the refrigerant
in the lubricant. Bobbo et al. [34] found that there is no significant effect on solubility of R134a
when TiO, and single wall carbon nanohorns (SWCNH) were dispersed. Whereas, contrary to this,
Wang et al. [35] suggested that TiO, nanoparticles show appreciable influence on solubility to make
hydro-flurocarbons refrigerants and lubricant more soluble. In addition, nanolubricants can reduce the
friction coefficient and wear rate [36]. Most of the refrigeration systems based on vapor compression
use lubricating oil for compressors. Refrigeration systems are closed processes, and some lubricating
oil flows through all the parts along with refrigerant. Especially, the suspended nanoparticles in base
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refrigerant considerably affect the thermo-physical properties of refrigerants, which subsequently
enhances the overall performance of refrigeration systems. The use of nanorefrigerants enhances the
solubility of the refrigerant in the lubricant and improves the stability of the lubricant [37]. Bi et al. [38]
have concluded that nanolubricants can return more oil to the compressor as compared to systems
based on pure refrigerants. Considering the need for energy reduction along with the challenges of
global warming and ozone depletion, the use of nanorefrigerants can be a potential game changer.
The following section summarizes the performance characteristics of refrigeration systems with
nanorefrigerants and nanolubricants.

3.1. COP (Coefficient of Performance)

Mehbubul et al. (2015) [39] analyzed the effect of temperature on thermal conductivity, viscosity,
density, and specific heat of Al;O3/R134a nanorefrigerant. Additionally, the authors also examined
the effects of modified thermo-physical properties on the COP of the nanorefrigerant and compared
them with the effects of a base fluid. Figure 11 shows the effect of thermal conductivity on the COP
of a system with Al;O3/R134a nanorefrigerant and a system with a base fluid, in the temperature
range used for this study. The COP increases with the increase in the temperature. The highest
rise of 15% in the COP was found at higher temperatures because of higher thermal conductivity.
For investigating the effect of viscosity on the COP, the authors considered the 134a refrigerant and
Al,O3/R134a nanorefrigerant with 5 vol% concentration.

-©- R-134a —8— Al203/R-134a

0.85

280 285 290 295 300 305 310
Temperature (K)

Figure 11. Effect of the thermal conductivity of AlO3/R-134a nanorefrigerant on COP at different
temperatures [39].

Figure 12 demonstrates the effect of viscosity on the COP as the temperature is increased.
Although nanorefrigerant has higher viscosity than the base fluid, the nanorefrigerant-based system
showed higher COP, as there was no substantial increase in pressure drop. The COP values for both
Al,O3/R134a and R134a refrigerant systems increased with the increase in temperature. Because of
higher density, the nanorefrigerant system had 3.2% higher COP. For centrifugal compressors, pressure
rise is related to refrigerant density. A high rise in pressure indirectly reduces the overall pressure drop,
and hence improves the performance. Very little study has been done so far on the effect of specific
heat on the COP. In their study, the authors present the effect of specific heat on the COP considering
different temperatures. The COP was found to be 2.6% more for a nanorefrigerant as compared to that
for a base fluid. Figure 13 shows the effect of the specific heat of Al;O3/R-134a nanorefrigerant on the
COP at different temperatures. Xing ef al. [40] proposed Fullerene Cg nano-oil as a potential lubricating
oil for compressors used in refrigeration systems to improve the performance characteristics of
domestic refrigerators. The authors investigated the lubricity and stability of nanoparticle suspension,
and found that for a nanoparticles concentration of 1-3 g/L, the friction coefficient decreased by
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12.9%-19.6% with respect to that of a pure mineral oil. Figure 14 shows that the compressor work of
EMX40CLC and EMU32CLP for the nanoparticle suspension and pure mineral oil were reduced by
4.58% and 4.52%, respectively, which ultimately increased the COP of EMX40CLC and EMU32CLP by
5.6% and 5.3%, respectively.

0.999925 -
- ©- R-134a —8— Al203/R-134a

0.999900 -+

0.999875 -

COP/COP,,,
b

0.999850 - -

0.999825 { -

0.999800

280 285 290 295 300 305 310
Temperature (K)

Figure 12. Effect of the viscosity of Al;O3/R-134a nanorefrigerant on COP at different temperatures
(npl: no pressure loss) [39].
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0.93 -

0.91 -
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O- 87 T T T T T 1
280 285 290 295 300 305 310
Temperature (K)

Figure 13. Effect of the specific heat of AlO3/R-134a nanorefrigerant on COP at different
temperatures [39].

EMX40CLC and EMU32CLP are hermetic reciprocating compressors with different displacements
of 7.24 and 5.96 cm?, respectively. Sabareesh et al. [41] investigated the performance of a vapor
compression system with TiO, nanoparticles in mineral oil, with base refrigerant R12 as the working
fluid. The authors found that the COP of the nanolubricant was higher and observed that there was
an optimum value of the volume fraction. The authors observed an increase in the heat transfer
rate by 3.6% and a reduction in compressor work by 11%, which ultimately resulted in a 17%
increase in the COP. They also suggested that 0.01% is the optimum volume fraction for obtaining the
best performance.
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Figure 14. The results of compressor performance testing on COP [40].

3.2. Energy Consumption

Bi et al. [42] conducted an energy consumption test and freezing capacity test on a domestic
refrigerator in which TiO, /R600a nanorefrigerant was used. The authors found that the refrigerator
with nanorefrigerant consumed 9.6% less energy with 0.5 g/L TiO, /R600a nanorefrigerant as compared
to one with base refrigerant. A nanorefrigerant-based refrigerator showed reduced compressor
suction and discharge pressure, and the largest reduction was observed for a concentration of 0.5 g/L.
The authors have claimed that the test was conducted multiple times to ensure repeatability. Figures 15
and 16 show the reduction in suction and discharge pressure of compressor. The results were similar
to those obtained in previous work [43]. The authors also showed that the evaporation temperature,
fresh food storage compartment temperature, and frozen food storage compartment temperature were
also lower, indicating better cooling performance. Table 1 summarizes the system parameter from the
energy consumption test and Table 2 shows the energy consumption results. From Table 1, it can be
observed that the evaporator temperature is decreasing as the nanoparticle content is increased. From

Table 2, it is observed that 9.6% energy is saved when nanoparticle concentration is increased from
0to 0.5 g/L.

——R600a
_____ 0.1 ¢/ TiO -R600a
---------- 0.5 ¢/L TiO -R600a

t/ min

Figure 15. Compressor discharge pressure [42].
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Figure 16. Compressor suction pressure [42].
Table 1. Energy consumption test results [42].
Proportion Tgq T, On-Time Psuc Pgis Tdom Tevp Tcond TRoom
(g/L) O (°QO) Ratio (%) (bar) (bar) (W) “O ©O O
0 5.33 —18.13 46.67 0.595 5.611 42.14 —24.30 33.87 2591
0.1 5.40 —18.80  44.12 0.583 5.700 45.09 —24.96 3491 24.99
0.5 5.36 —19.06  43.39 0.574 5.463 47.18 —25.14 34.18 25.27
Table 2. Energy consumption results [42].
Concentration (g/L) 0 0.1 0.5
Energy consumption (kW- h) 0.9567 0.8999 0.8649
Energy saving (%) / 5.94 9.6

Subramani et al. [44] conducted experimental studies on an R134a refrigeration system by
introducing a mixture of mineral oil and alumina nanoparticles instead of POE (polyolester) oil.
The authors found that the freezing capacity was higher, and power consumption reduced by 25%.
In addition, the enhancement factor for the evaporator was 1.53, and the COP was 33% higher for
the nanorefrigerant as compared to the base refrigerant. Jwo et al. [12] conducted an experiment by
replacing R143a with a hydrocarbon refrigerant, and polyester lubricant with a mixture of mineral oil
and Al,O3; nanoparticles. The authors found that with 60% R134a and 0.1 wt% Al,O3 nanoparticles,
the power consumption reduced by 2.4% and the COP increased by 4.4%. Table 3 shows the results of
the experiments done with the freezer for a continuous load of 10W.

3.3. Nanolubricants

Bi et al. [38] performed an experiment on a domestic refrigerator by replacing polyolester oil
with a mixture of mineral oil and TiO; nanoparticles. The authors conducted an energy consumption
test and freezer capacity test. Table 3 shows the energy consumption test results, which indicates a
reduction of 26.1% in energy consumption for 0.1% mass fraction of TiO, as compared to the POE
oil system.

Table 3. Energy consumption of HFC134a/POE oil and HFC134a/mineral oil/TiO; nanoparticle
systems [38].

Mass Fraction % POE 0.06 TiO, 0.1 TiO, 0.1 TiO; (50 Days Later)

Energy consumption (kW h/day) 1.077 0.849 0.796 0.8
Energy saving % - 21.2 26.1 25.7
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Figure 17 shows that the freezing rate is slightly higher with the system with nanoparticles
as compared to the POE oil system. The authors concluded that along with performance, the
solubility between refrigerant and lubricant was also improved. Kedzierski [45] investigated the boiling
performance of R134a/polyolester mixture using different CuO nanoparticle concentrations. The
author found 140% higher boiling heat flux in case of 4% CuO volume fraction as compared to 2% CuO
Volume fraction and attributed this result to the threshold CuO volume fraction. In addition, the author
discussed the heat transfer mechanisms involved in the boiling performance. For boiling performance
enhancement or degradation, the author speculated three mechanisms such as nanoparticle-bubble
interaction, thermal conductivity enhancement due to accumulation of highly conductive nanoparticles,
and degradation of boiling performance due to blocking of the nucleation sites by the nanoparticles.

W—_—— 117"

[ ‘ POE ]
15 | S 0.06% TiO,+MO 4
10k v e 0.10% TiO,+MO 4

o 5F 4

=)

R

= 0
_5 - -
10 -
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25 " 1 L 1 " 1 L 1 " 1 " 1 " 1 " 1

-2 0 2 4 6 8 10 12 14

t/h

Figure 17. Freezing capacities of HFC134a/POE oil and HFC134a/mineral oil/TiO, nanoparticle
systems [38].

Based on the articles reviewed, it can be inferred that the use of nanorefrigerants in refrigeration
systems can improve the performance of the systems. Nanoparticles can be used as nanorefrigerants
in the base refrigerant or as nanolubricants in the lubricating oil. The results from the investigations
indicate an improvement in the COP of the refrigeration system. However, very little attention has
been given to the issues related to the nanolubricant usage in the refrigeration system. The issues
related to long-term stability should also be addressed before the nanorefrigerants are commercialized.

4. Conclusions

Based on extensive research on the thermal physical properties and performance characteristics
of refrigerant-based nanofluids, this review covers judiciously selected articles published in the
open literature from 2005 to 2015. This survey is divided into two parts. The first part reviewed
the articles on the thermal and physical properties of nanorefrigerants for various refrigeration
systems. The second part dealt with the performance characteristics of the refrigeration systems
based on nanorefrigerants and nanolubricants. Extensive studies have been performed experimentally,
theoretically, and numerically on the thermal and physical properties and the performance of
refrigerant-based nanofluids. Particularly in the last decade, various investigations have been
performed and reported on nanorefrigerants because of their superior properties and applicability to
refrigeration systems. Because of the enhanced properties and better performance, nanorefrigerants
and nanolubricants have proven to be a promising option for efficient refrigeration systems. The
following part concludes a few important findings from the reviewed articles.
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e Based on the literature review done on nanorefrigerants, it is observed that the thermal
conductivity of a nanorefrigerant is higher than that of the base fluid. It is confirmed that
the thermal conductivity increases with the volume concentration/mass fraction of nanoparticles
in the working fluid.

e  As CNT (carbon nano tube) has exceptionally high thermal conductivity, the thermal conductivity
of CNT-based nanorefrigerants was found to be higher as compared to other nanorefrigerants.

e  When the nanoparticle size is increased, the thermal conductivity is found to decrease, although
the surface area increased on account of the larger size of the nanoparticles.

e  When compared with different types of nanoparticles, CNT-based nanorefrigerants showed the
maximum increase in thermal conductivity.

e  The viscosity of nanorefrigerants was found to increase with the increase in particle volume
fraction and decrease with the increase in temperature.

e  When the mass fraction of the surfactant was increased, viscosity was found to be increased
for a synthetic polyolester based aluminium oxide nanoparticles and polymeric surfactant for
temperature range of 300 to 318 K.

e  The density of CuO nanolubricant decreased with increase in temperature.

e  The highest rise in the COP of 15% in an Al;O3/R34a system was found at higher temperatures
because of enhanced thermal conductivity.

e A reduction of 11% in compressor work was observed when the TiO, nanoparticles were
suspended in mineral oil and used with a base refrigerant.

e Nanorefrigerant-based systems consumed 9.6% less energy with 0.5 g/L TiO,-R600a
nanorefrigerant as compared to a system with a base refrigerant.
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Nomenclature

MWCNT Multiwall carbon nanotube

CNT Carbon nanotube

EG Ethylene glycol

Xnp Mass fraction of nanoparticles

Xg Mass fraction of surfactant

Tsuc Compressor suction temperature

Teond Condenser temperature

Tais Compressor discharge temperature

Tdom Compressor dome temperature

T¢, Frozen food storage compartment evaporator temperature
Teq Fresh food storage compartment evaporator inlet temperature
Tevp Evaporator temperature

Psuc Compressor suction pressure

Pgis Compressor discharge pressure
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