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Cooling applications that utilize latent heat property of fluids involve large heat transfer and throw more space for energy
conservative research studies. Heating ventilation air-conditioning and refrigeration systems, which have now grown as an
integral part in human life, circulate refrigerants and necessitate developments to become energy-efficient. The heat removal
characteristics of the fluids in such large capacity systems can be enhanced using nanoparticles seeded in to them. Being
smaller in size, the nanoparticles possess larger effective surface area and believed to help in expediting the conduction rate of
heat from the refrigerants in the HVAC-R systems. Spectrums of nanoparticles are studied for their heat transfer behavior
either in pure refrigerants or with refrigerant/oil mixtures. Suspension of the particles in the refrigerants for a prolonged time
is found to be critical and must be validated prior to its implementation in the systems. Seeding of nanoparticles exclusively in
a phase change fluid inside the refrigeration systems is reported to be of challenging. Additionally, to harvest the benefits of
nanoscale particles, literature proposes the usage of surfactants which may lead to complex situation in a vapor compression
refrigeration system. In the present work, all the relevant study details specifically on synthesis and characterization,
thermophysical properties, and heat transfer characteristics about the nanorefrigerants are presented.

1. Introduction

Engineering equipment cooling is of paramount importance
as it is governing the functional performance of such equip-
ment in direct and contributes to a better material life. A
new vertical is observed through nanofluids in cooling
applications, owing to its special characteristics than its
bulk counterpart. In 1995, Choi proposed that highly con-
ductive nanoscale particles could enhance the fluid thermal
conductivity, upon its uniform dispersion [1]. Applied engi-
neering processes that involve thermal equipment/systems
are found to be inherent with cooling fluids for their heat
removal purpose, and henceforth, thermophysical proper-
ties of such fluids can significantly make the systems to
become more energy saving [2]. Thermophysical properties
of engineering fluids can be improved in one way by using
nanoparticles [3–7].

The concept of nanofluids was extended to nanorefriger-
ant, in a view to make energy efficient air-conditioning,
refrigeration, and heat pump systems with enhanced heat
transfer properties than that with conventional refrigerants.
Nanorefrigerants are prepared by dispersing nanoparticles
in pure refrigerants [8]. Considerable researches have been
devoted to investigate the possible applications of nanorefri-
gerants in air-conditioning, refrigeration, and heat pump
systems [9–11]. Rahman et al. [12] observed that the addi-
tion of single-walled carbon nanotubes in R407c refrigerant
reduced the compressor work by 4% for running an air-
conditioning system. In a similar work, Kosmadakis and
Neofytou [13] claimed that the efficiency of organic Rankine
cycle running with R245fa and R1234ze(Z) can be enhanced
by seeding alumina and copper nanoparticles. The authors,
in a different work conducted numerically, reported that
the coefficient of performance (CoP) of a heat pump could
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be enhanced up to 6% by using different kind of nanoparti-
cles in the refrigerant [14]. Jiang et al. [15] reported that the
nanoparticles seeded in a refrigerant could increase its ther-
mal conductivity. Nanoparticles derived from highly con-
ductive materials can enhance the thermal conductivity of
the refrigerant, and the thermal conductivity increases with
increase in the particles’ addition [16, 17]. Furthermore,
the improvement in the refrigerant thermal conductivity by
any volume addition of nanoparticle is influenced by the
operating temperature [17]. Extensive studies in the litera-
ture on nanofluids established strong dependency of its ther-
mal conductivity on its types, geometry (shape and size),
percentage addition, and to some extent the inclusion of sur-
face reactive agents [18–20]. The investigations clearly show
that thermal conductivity of either water based nanofluids or
of nanorefrigerants is influenced by many factors. From
their experimental work, Wang et al. [21] observed that
nanoparticles dispersed in the refrigerant additionally found
to be a potential agent which enhanced the mineral oil’s sol-
ubility in refrigerant. This enhanced property in any refrig-
erant helps to return back more oil to the compressor and
leads to better life of the compressor. Viscosity of nanorefri-
gerants is one of the significant transport properties, which
controls the pumping power requirement and furthers the
performance of air-conditioning/refrigeration systems with
nanorefrigerants. The viscosity of the original base fluid is
found to be increasing with the uniform dispersion of nano-
particles, and the trend of viscosity variation with tempera-
ture will be as same as the convention heat transfer fluids
[16]. The intense research in nanorefrigerants showed that
viscosity of nanorefrigerant varies with particles’ concentra-
tion [2, 22]. Also, there are results which claim that the vis-
cosity of nanofluids strongly depends on nanoparticles’
shape [23] and its size [24].

Dispersion of nanoparticles in pure refrigerants contrib-
utes to thermal conductivity enhancement, and also, it helps
to introduce more secondary nucleation sites on the viscous
layer through its interaction with the bubbles during boiling
of refrigerants; hence, it enhances the boiling heat transfer
coefficient of the refrigerant [25, 26]. Figure 1 shows the
enhancement of pool boiling heat transfer coefficient of
R113 with the mixture of oil and diamond nanoparticles. It
is witnessed from the captured graph that the lubricant oil
tends to reduce the heat transfer rate compare with the pure
R113, whereas the dispersed diamond particles enhanced the
heat transfer characteristics of R113. Using a similar study,
Diao et al. [27] claimed that addition of surfactants provides
more nucleation sites which is attributed for the boiling heat
transfer enhancement of the refrigerant, R141b. Neverthe-
less, they claimed that mechanism of surfactants’ interaction
with copper nanoparticles affects the boiling heat transfer
coefficient. Devoted research on boiling of refrigerants con-
formed that nanoparticles enhance the pool boiling heat
transfer characteristics of refrigerants when dispersed in it
[28, 29]. Naphon et al. [30] reported that increasing concen-
tration of TiO2 nanoparticles deteriorates the boiling heat
transfer coefficient of R141b refrigerant; however, the heat
transfer coefficient can be improved by increasing the boiling
pressure. Their results are analogous with research findings

by Trisaksri et al. [31]. Peng et al. [32], in their experimental
study on R113, showed that reduction in size of copper nano-
particles from 80nm to 20nm enhanced the heat transfer
coefficient under nucleate boiling regime for the refrigerant/
oil mixture by 23.8% under the same conditions.

The important factor which controls the performance of
any air-conditioning or refrigeration systems is likely to be
the two-phase heat transfer coefficient of the refrigerant.
To elucidate the heat transfer characteristics of nanorefriger-
ants during its flow in the evaporator section of air-condi-
tioning/refrigerating systems, many researches were carried
out and significant results were reported. Peng et al. [33]
studied the heat transfer characteristics of refrigerant R113
when it flows in a horizontal tube and reported the effect
of CuO nanoparticles in their studies. Their research showed
a large improvement in the heat transfer coefficient of the
refrigerant due to the CuO particles’ addition, and the
enhancement was found to be higher at high mass fraction
of 0.5wt% of nanoparticles. Also, they claim that at high
mass fluxes, the addition of nanoparticles in refrigerants will
not provide any appreciable enhancement in the heat trans-
fer coefficient. However, Henderson et al. [34] in 2010
reported that silica nanoparticles when loaded directly with
R-134a refrigerant decreased the boiling heat transfer coeffi-
cient with its increasing concentration. Their investigation
revealed that stable dispersion of nanoparticles in refriger-
ants plays significant role in enhancing the flow boiling heat
transfer coefficient of refrigerants. This paper would be use-
ful to understand the research status about the nanorefriger-
ants till date and its heat transfer characteristics.

2. Synthesis and Characterization

The physical mechanisms behind the nanoparticle-base
fluids interactions are likely to be the reason for the
enhancement of thermophysical properties of the base
fluids. Furthermore, the stable suspension of particles in
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Figure 1: Variation of heat transfer coefficient of R113 with
lubricant oil and diamond nanoparticles [26].
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the base fluid is an essential condition to manifest these
properties of the base fluids, positively. Stability of nanopar-
ticles in the dispersed fluids could be achieved by any one of
the three methods: ultrasonication, controlling the pH value
of the nanofluids, using surfactants. Peng et al. [33] prepared
CuO suspended R113 nanorefrigerant using ultrasonication
process for which they conducted visibility test to ensure
the stable suspension. Interestingly, the authors found the
suspended CuO nanoparticles in the refrigerant uniformly
even after 12 h of their preparation. The authors did not
report any segregation of particles, and no concentration
gradient was found either. This study reveals that the parti-
cles can be made dispersed for many hours in the refriger-
ants provided if it is sonicated effectively. In this context, it
is needful to know from the literature, methods of synthesiz-
ing variety of nanorefrigerants, and the characterization
techniques used to establish the stability of nanorefrigerants.
A few review papers were published on the synthesis
methods of general nanofluids but not specifically on nanor-
efrigerants [34–38]. Varieties of nanorefrigerants are synthe-
sized for different heat transfer studies in the recent past [11,
39]. This section of work, as formulated in Table 1, will serve
the purpose of identifying and selecting the suitable nano-
particles, refrigerants, dispersion method, and (or) surfac-
tants for specific applications to have maximum possible
stable suspension.

3. Thermophysical Properties

Nanorefrigerants have been under investigation so far by
many researchers for achieving a better heat transfer perfor-
mance from the refrigeration/air-conditioning systems. The
heat transfer characteristics of nanorefrigerants are experi-
mentally found enhanced comparing to the pure refrigerants
by many researchers [27, 30, 31]. Thermophysical properties
of nanorefrigerants are necessarily to be examined to analyze
the two-phase flow of it in evaporator or condenser region.
To optimize the performance of the nanorefrigerants in the
systems to gain maximum benefits, it is essential to investi-
gate the key thermophysical properties of the nanorefriger-
ants, say thermal conductivity, viscosity, density, surface
tension, and latent heat, and it is essential to be aware of
the pressure drop characteristics of the nanorefrigerants
during its flow. This section reviews the studies about the
thermophysical properties of nanorefrigerants.

3.1. Thermal Conductivity. Nasiri et al. [18] carried out
experiments to elucidate the effect of CNT structures on
thermal conductivity of water based nanofluids. In their
study, SWNT (single wall CNTs), DWNT (double wall
CNTs), FWNT (few wall CNTs), and two different MWNT
(multiwall CNTs) are used to prepare water based nano-
fluids. It is observed from their study that SWNTs provide
more stability in the nanofluids when compare with other
type of CNTs in nanofluids through the higher absorbance
of UV-Vis spectrometer study. Also, SWNTs with large
aspect ratio give greater enhancement in thermal conductiv-
ity of water while the other types of CNTs provide a little
lesser enhancement. The reason for larger enhancement of

thermal conductivity of water with SWNTs may be due to
any of the following reasons: the manipulation of nanolayer
thickness would result in enhanced effective thermal con-
ductivity [4], increase in effective surface area [65], micro-
motion of the nanofluids [66], at small diameter of CNTs,
increase in nanolayer thickness [67].

In 2009, Jiang et al. [44] proposed a model to predict the
thermal conductivities of CNT nanorefrigerants, including
the effects of particle size and aspect ratio. The model was
based on Yu and Choi [4] model as given in Equation (1),
and the authors provided a model for obtaining the empiri-
cal constant (α) based on their experimental results as given
in Equation (2). Their experiment works confirmed that
thermal conductivity of CNT nanorefrigerants is greater
than CNT-nanofluids and well agreed to the developed
model. Also, the diameter and the aspect ratio of CNTs are
found to have strong influence on the thermal conductivity
enhancement of nanorefrigerants.

knf = 1 + 3ψ−αφA
1 − φA

� �
∗ kf , ð1Þ

α = 1:55 + 16:7 d
L

� �0:71
, ð2Þ

where Knf and K f are the thermal conductivities of nano-
fluid and base fluid, ψ is the particle sphericity, φ is the par-
ticle concentration in the base fluid, and A is the CNT
conductivity parameter. This developed model was found
to predict their experimental values closer than Xue model
[68] and Hamilton-Crosser model [69]. Similarly, in 2012,
Pelvic et al. [70] presented lattice Boltzmann model to esti-
mate the thermal conductivity of fluids dispersed with nano-
particle that includes the effects of both temperature and
particle’s geometry as found by Jiang et al. [44].

Mahbubul et al. [17] used a model proposed by Sitprasert
et al. [71] as given in Equation (3), to estimate the thermal
conductivity of Al2O3/R-134a nanorefrigerant and compared
their results with other standard models. Their investigation
on thermal conductivity of nanorefrigerant shows the trend
of variation of thermal conductivity with nanoparticle size
and temperature as shown in Figure 2.

kr,n =
kp − kl
� �

∅kl 2β1
3 − β3 + 1

� �
+ kp + 2kl
� �

β1
3 ∅β3 kl − krð Þ + kr
� �

kp + 2kl
� �

β1
3 − kp − kl
� �

∅ β1
3 + β3 − 1

� � ,

ð3Þ

where Kr,n is the nanorefrigerant thermal conductivity, and
kp, kl, and kr are the conductivities pertaining to particles,
interfacial layer, and pure refrigerants, respectively. β and
β1 are parameters depend on interfacial layer thickness, tem-
perature, and particle radius.

Mondragon et al. [72] characterized thermal conductiv-
ity of water based nanofluids experimentally and fit their
results with the existing models for thermal conductivity.
They prepared stabilized nanofluids by maintaining the pH
value of nanofluids far away from the isoelectric point of
the specific fluid. Nevertheless, their observation shows that
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volume fraction of nanoparticles (SiO2, Al2O3, and CNTs)
up to 1% in the base fluid does not provided any enhance-
ment in the thermal conductivity of the fluid, which is con-
tradicting with the results of other researchers [18, 22].
Lamas et al. [73] analyzed various methods predicting effec-
tive thermal conductivity of nanofluids and observed the sig-
nificant differences between the models.

The research outcomes reported by Gu et al. [19] in 2013
are analogous to Nasiri et al. [18], and they have conducted
experiments with three types of nanofillers to examine their
contribution in thermal conductivity enhancements of
water. They found out that at the same volume fraction of
0.2%, thermal conductivity enhancement is 12.1% for silver
nanofluids, 2.7% for copper nanofluids, and 3.7% for CNT’s
based nanofluids. They claimed that thermal conductivity
enhancement of nanofluids not depends only on thermal
conductivity of nanoparticles; further, the shape of the nano-
particles has influence on it. It is proposed that the enhance-
ment in thermal conductivity of nanofluids is due to effective
heat transport through the chain-like aggregates of nanopar-
ticles formed in the nanofluids. They reported a greater
enhancement of thermal conductivity for silver nanofluids
even though silver particles are having thermal conductivity
(~429W/m·K) lesser than CNT’s (~2000W/m·K) and pro-
posed that the enhancement also depends on the shape of
the nanoparticles as proposed in earlier studies [23, 44].

In 2013, Mahbubul et al. [22] studied the thermal
conductivity variations of Al2O3/R141b nanorefrigerant
with nanoparticles’ concentration and temperature. They
reported that the thermal conductivity enhancement in
nanorefrigerants depends on the type of nanoparticles pres-
ent in the refrigerant and type of refrigerants. Increase in the
temperature intensified the Brownian motion, which further
rises micro convection in heat transport, according to the
researchers. They similarly observed the trend of thermal
conductivity variation with particle volume fraction and
temperature as obtained by Alawi and Sidik [2]. Thermal
conductivity of 0.5, 1.0, 1.5, and 2.0% volume fractions of
Al2O3/R141b nanorefrigerant was measured and compared

with similar research results. It was reported that the
increase in thermal conductivity with Al2O3/R141b nanor-
efrigerant is higher than that of Al2O3/R113 nanorefriger-
ant. The difference is due to thermal conductivity
difference between R113 (0.067223W/m·K) and R141b
(0.089447W/m·K) at 30°C.

Nikkam et al. [74] experimentally investigated the base
liquid effect on thermal conductivity enhancement with
SiC nanoparticles. Three weight fractions of α-SiC nanopar-
ticles of 3, 6, and 9% are mixed separately with distilled
water, at first. It was electrostatically stabilized to a pH value
of 9.5 for all nanofluids. The maximum increase in thermal
conductivity (15.2%) of nanofluids compare to the pure dis-
tilled water is obtained with 9wt% of α-SiC nanoparticles at
20°C and minimum enhancement of 1% in thermal conduc-
tivity with 3wt% of α-SiC nanoparticles at the same temper-
ature. The same three fractions are mixed with distilled
water/ethylene glycol mixture (50 : 44.5 by vol%), and a max-
imum enhancement in their thermal conductivity is
obtained as 20% with 9wt% of α-SiC nanoparticles at
20°C. They observed that more nanoparticles loaded in the
base liquids generally increase the thermal conductivity of
it. From their studies, it is clearly inferred that SiC nanofluid
with distilled water/ethylene glycol as base liquid has nearly
5% greater enhancement in thermal conductivity than water
as the base liquid.

Jiang et al. [75] experimentally proved that the nanoparti-
cles’ concentration has significant role on effective thermal
conductivity of nanorefrigerants over its temperature and
hydrodynamic size. The authors performed experimental
studies on R141b refrigerant with oxides of aluminum, tita-
nium, and silicon nanoparticles; the authors developed five
different statistical models, and the experimental results were
used both for training the models and its testing. The authors
suggested radial basis function (RBF) model for close predic-
tion of thermal conductivities of nano-based refrigerants.

3.2. Viscosity. In 2008, Bi et al. [9] performed experiments to
examine the potential applications of TiO2 nanoparticles in a
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Figure 2: Thermal conductivity variation with particle size and temperature [17].
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domestic refrigerator with R134a refrigerant. They observed
with enhanced performance of the R134a refrigerator with
the nanoparticles added in the mineral oil. They predicted
that the improved frictional characteristic in the compressor
was one of the reasons for the enhanced performance of the
refrigerator system. From their studies, it is made clear that
the nanoparticles would certainly alter the viscosity of the
base fluid. Studies on viscosity of nanolubricant in refrigera-
tion systems or nanorefrigerants are limited in the literature
relative to the studies on thermal conductivity. Nevertheless,
the pressure drops across the heat transfer region, and
hence, the pumping power losses are significant criteria
which depend on the viscosity of the fluids. The following
section presents various studies about the viscosity of
nanorefrigerants.

Mahbubul et al. [51] studied the viscosity of R123 with
TiO2 nanoparticles of five different volume concentrations.
They observed a linear increment in the refrigerant viscosity
with the increase in the nanoparticle volume concentration.
Sabareesh et al. [76], in their experimental investigation,
analyzed the viscosity effect on the compressor work in a
vapor compression refrigeration system. The variation of
lubricant oil viscosity with added TiO2 nanoparticles at dif-
ferent working temperatures is captured from their studies,
and the trend is shown in Figure 3. The authors reported
that for 0.01% by volume of nanoparticles in the mineral
oil, the average reduction in the compressor work was
11%. They proposed that adding optimal volume of nano-
particles in the lubricant would increase the viscosity and
minimize the power consumption of the system by improv-
ing the friction characteristics of the compressor. Addition-
ally, any further increase would result with agglomeration
of the nanoparticles, according to the researchers.

Mahbubul et al. [16, 22] performed experimental investi-
gation and numerical validations on the viscosity of Al2O3/
R141b nanorefrigerant at variable concentration of nanopar-
ticles and temperatures. For their work, Al2O3 nanoparticles
of average size 13 nm at four different volume fractions of
0.5, 1.0, 1.5, and 2.0 were suspended separately in the refrig-
erant R141b. The authors reported that the viscosity of
refrigerant increased with increasing volume fractions of
nanoparticles, and the values are matched with the Brink-
man model as given in Equation (4). Also, viscosity of
nanorefrigerant was found reduced with increase in temper-
ature, which is due to intensified Brownian motion with the
increase of temperature of the nanorefrigerant, according to
the researchers. Further investigation on how these phenom-
ena influence the performance of a nanorefrigerant in the
systems was carried out in their later studies [17]. Their
analysis on the viscosity of Al2O3/R134a nanorefrigerant
remains similar to other observations [2, 32, 77].

μr:n = μr
1

1−∅ð Þ2:5
 !

, ð4Þ

where μr,n and μr are the viscosities of nanorefrigerant and
pure refrigerant, respectively. ∅ is the volume fraction of
particles in the refrigerant.

3.3. Studies on Other Properties. Very few studies have been
carried out on properties like surface tension, density, and
pressure drop characteristics. No specific studies were found
on latent heat of nanorefrigerant in the literature. These
properties are also expected to have significant influence in
controlling the performance of the nanorefrigerants in the
systems like thermal conductivity and viscosity. Neverthe-
less, the quantum of investigations on these properties from
the literature is considered not to be sufficient to have a
common conclusion about the influence of them on the
nanorefrigerant heat transfer characteristics. Thermal con-
ductivity of nanoparticles is not the only reason which con-
trols the thermal performance of the refrigerant in which it
is added [19]. Addition of nanoparticles to refrigerant will
increase its viscosity, and furthermore, the nanorefrigerant
would experience a pressure drop during its flow across
the evaporator region [64]. Hence, the optimum value for
nanoparticles in the nanorefrigerant has to be formulated.
Rheological studies of Al2O3 nanoparticles with R141b
refrigerant by Mahbubul et al. [59] showed that the nanore-
frigerant exhibits near Newtonian behavior at high shear
rates which is advantageous in practical conditions since
the compressor in the HVAC-R systems would ensure a high
shear rate for the nanorefrigerants and prevents the agglom-
eration of nanoparticles. In a similar study carried out by
Madhesh et al. [78] on water based nanofluids, the concen-
tration of hybrid nanoparticles of Cu-TiO2 was found to
play a vital role in the friction factor and hence the pressure
drop of the nanofluid. They claimed that the viscous drag
effects and the density gradient at high volume fraction
(say at 2 vol%) of hybrid nanoparticles increased the friction
factor, hence the pressure drop of nanorefrigerant during its
flow. Despite the pumping power loss inferred due to the
hybrid nanoparticles in the refrigerant, appreciable heat
transfer characteristics were found with the Cu-TiO2 nano-
particles by the researchers.

Khaleduzzaman et al. [79] could represent collectively
the influence of particles concentration, temperature, and
surfactants on the surface tension of nanofluids together.
They showed that increasing nanoparticles concentration
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Figure 3: Variation of viscosity of mineral oil with added
nanoparticles [76].
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increased the surface tension of nanofluids, while increase in
the temperature of nanofluids and surfactants volume
resulted in the reduction of surface tension of the nanofluids.
More studies on the surface tension of nanorefrigerants are
to be carried out to understand its influence on the thermal
performance of refrigerants with nanoparticles. Similar stud-
ies [16, 17, 77, 80] related to pressure drop, density, and spe-
cific heat of nanorefrigerants available in the literature
cleared that the nanoparticles seeded in refrigerants alter
the properties of it. However, to elucidate the sequence of
physical mechanisms behind the enhanced thermal perfor-
mance of nanorefrigerants, it is necessary to desperately
carry out much more experiments for the same combination
of refrigerant-nanoparticles.

Zhelency et al. [81] have performed experiments in
R600a refrigerant with Al2O3 and TiO2 nanoparticles to
determine the density, viscosity, and capillary constants for
the nano-based refrigerants. The authors found that the
addition of nanoparticles considerably increased the pseudo-
critical temperature and pseudocritical density of the refrig-
erants; nonetheless, the particles tend to reduce the surface
tension of the refrigerants.

4. Pool Boiling

Kedzierski et al. [25] performed experiments to identify the
effects of CuO nanolubricants on the heat transfer perfor-
mance of R134a refrigerant under pool boiling conditions.
They results found with remarkable are as follows: for a con-
stant heat flux, the pure lubricant (RL68H) added with the
refrigerant degrades the heat transfer coefficient of the refrig-
erant. The possible reason behind this degradation is being
the reduction of bubble sizes, and hence, it is accompanied
with less vapor generation. Also, addition of CuO nanoparti-
cles enhanced the heat transfer coefficient of the refrigerant
mixture (R134a/RL68H) as can be witnessed from Table 2.
The prediction for this enhancement is attributed to the fact
that boiling induces the nanoparticles to move to the heat
transfer surface and their stable suspension in to a layer
called lubricant excess layer, predicted by Kidzierski [82].
Also, the accumulation of the induced nanoparticles in the
lubricant excess layer may agglomerate and function like a
porous surface, in enhancing the boiling heat transfer coeffi-
cient, according to the researchers. Similar observations were
made by Kedzierski [47] with Al2O3 nanoparticles.

Peng et al. [26] examined the influence of diamond
nanoparticles on the nucleate pool boiling heat transfer
characteristics of R113/VG68, refrigerant/oil mixture. Their
work showed that the three lubricant oil concentrations of
1wt%, 3wt%, and 5wt% in refrigerant R113 resulted with
a reduced nucleate pool boiling heat transfer coefficient
compare to that of the pure refrigerant R113. For 3wt%
and 5wt% of oil concentration, the heat transfer coefficient
decreases by 14.4% and 19.8%, respectively, at an average
from the value for pure R113. The possible reasons enumer-
ated by the researchers for the trend of decreasing heat
transfer coefficient with the increase in the oil concentration
are reduced bubble growth due to increased viscosity,
increased surface tension, and accumulation of oil molecules

at the surface forcing refrigerant to diffuse through the layer.
Conversely, at any fixed concentration of nano/oil mixture
in R113, the nucleate pool boiling heat transfer coefficient
of the refrigerant was found increased with increase in nano-
particles concentration in the oil as 5wt%, 10wt%, and
15wt%. Enhancement of nucleate pool boiling heat transfer
coefficient due to nanoparticles addition was attributed to
the increased thermal conductivity of the nano/oil/R113
mixture compare to the pure R113, which furthermore
reduces the degree of superheat of the bubble growth. More
the nanoparticles, more the interactions between bubbles
and nanoparticles and leads to an enhanced heat transfer
coefficient for the nano/oil/R113 mixture, according to the
researchers. These effects of nanolubricating oil on the pool
boiling heat transfer coefficient of R113 remain unchanged
even for Cu-VG68 nanolubricants [32] and CNT’s based
nanolubricants [45].

Diao et al. [27] investigated the pool boiling characteris-
tics of Cu-R141b nanorefrigerant with SDBS surfactants at
atmospheric pressure, experimentally. Their experimental
results showed that the surfactants, added with R141b refrig-
erant, certainly enhanced the boiling heat transfer coefficient
of the refrigerant. According to the researchers, surfactants
reduced surface tension of the refrigerant, which conse-
quently increased the active bubble nucleation sites; it is
attributed to the fact of enhanced pool boiling heat transfer
coefficient of R141b. Furthermore, adding nanoparticles in
the solution of R141b-SDBS deteriorated the enhancement
in the boiling heat transfer coefficient, for which the authors
quoted the reasons proposed by Peng et al. [48]. They pro-
posed that the interaction between nanoparticles and surfac-
tants not favored the reduction in the surface tension. Also,
the nanoparticles deposition on the heating surface made
more interactions between the surface and the particles,
which developed thermal resistance for the heat transfer
phenomenon. For these factors, the nanoparticles showed a

Table 2: Enhancement of heat transfer coefficient of R134a
suspended with CuO nanoparticles in lubricant [42].

Mass flux (kg/m2·s)
Pool boiling heat transfer

coefficient of R-134a (kW/m2·K)
1% pure lubricant 1% CuO (nanolubricant)

125 0.428 0.65

152 0.572 0.848

177 0.506 0.752

191 0.554 0.878

204 0.548 0.782

224 0.632 0.938

250 0.602 1.082

261 0.524 0.956

280 0.662 1.052

300 0.71 1.004

331 0.758 1.184

350 0.818 1.382

367 0.836 1.262

387 0.89 1.322
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reduce enhancement in the boiling heat transfer coefficient
of R141b compare to that of the enhancement provided by
SDBS surfactants to R141b. Table 3 shows the distinguished
values of wall superheat variation at different heat flux
values, for pure R-141b, R141b-Cu solution, and R141b-
SDBS-Cu nanorefrigerant.

Naphon et al. [30] have experimentally studied the pool
boiling heat transfer characteristics of R141b refrigerant with
TiO2 nanoparticles at different pressures. At constant heat
flux value, increasing nanoparticles concentration in R-
141b was visually observed with reduction in the bubbles’
size. This phenomenon resulted in reduction of pool boiling
heat transfer coefficient of R-141b with TiO2 nanoparticles.
Their claim is contradicting with the results of other type
of nanorefrigerants [25, 26]. The clear physical mechanism
behind this reduction is to be elucidated. Their observations
included that increasing pressure of the pool boiling tests
from 50 to 150 kPa could have increased the heat transfer
coefficient of the refrigerant provided nanoparticles’ type
and fractions in the mixture being immaterial.

In 2013, Hu et al. [54] analyzed the effects of surfactant
types, surfactant concentration, nanolubricant concentra-
tion, and heat flux on the nucleate pool boiling heat transfer
coefficient of R113 refrigerant. Their investigation on R113
involved with Cu nanoparticles, VG68 lubricant oil, and
three different surfactants, and each one is from anionic, cat-
ionic, and nonionic group, namely, SDS, CTAB, and Span-
80, respectively. The surfactants of up to 5000 ppm in the
refrigerant/nanoparticles mixture enhance the heat transfer
coefficient, which is mainly due to reduction in surface ten-
sion of the mixture and increased secondary nucleation sites.
Figure 4 shows the heat transfer enhancement of R113 with
Cu nanoparticles of 1wt% directly seeded in the refrigerant
and Cu nanolubricant of 1wt% mixed with the refrigerant.
As witnessed from the figure, particles suspended in lubri-
cant might ensure stable suspension and cause increasing
surface tension, which could be attributed to the trend of
increase in the heat transfer coefficient than the other cases.

Any further increase in the surfactants’ concentration
deteriorates the nucleate pool boiling heat transfer coeffi-
cient of refrigerant/nanoparticles mixture; above 5000 ppm,
the presence of surfactants was considered to be the reason
for increased viscosity of the mixture and reduced interac-
tions between nanoparticles and heating surface. The magni-

tude of enhancement in the heat transfer coefficient of R113/
Cu-VG68 mixture depends on the type of surfactants. For a
definite mass fraction of nanolubricant in R113, the maxi-
mum enhancement was observed with SDS surfactants and
the minimum enhancement with Span-80 surfactants. The
optimum value of surfactants which provides maximum
enhancement for the pool boiling heat transfer coefficient
of R113/nanolubricant increased with increase in the nano-
lubricant concentration in the mixture. Also, they concluded
that increasing the nanolubricant concentration reduces the
heat transfer coefficient enhancement for the mixture R113/
Cu-VG68, which is analogous to the results already pre-
sented [32].

Tang et al. [57] have made experimental outcomes about
the influence of δ-Al2O3 nanoparticles along with the SDBS
surfactants on the nucleate pool boiling heat transfer charac-
teristics of refrigerant, R141b. They found out that at low
volume fraction of δ-Al2O3 nanoparticles, say 0.001 vol%
in the mixture of R-141b/δ-Al2O3/SDBS, increasing the sur-
factants resulted with reduction in the enhancement of pool
boiling heat transfer coefficient of R-141b; while at 0.1 vol%
of nanoparticles, increasing surfactants in the mixture of R-
141b/δ-Al2O3/SDBS favors in increasing the enhancement
of heat transfer coefficient. At 0.01 vol% of δ-Al2O3

Table 3: Reduction of wall superheat in R141b system with nanoparticles addition at experimental heat flux values [27].

Experimental heat flux (∗104W/m2)
Degree of superheat (K)

Pure R141b R141b 0.008% Cu particles R141b+Cu+SDBS

2.7 14 12.8 12.3

5.3 15.3 13.6 12.8

8.2 15.8 14.4 13.6

11.6 17 15.2 14.3

14.9 18 16 14.8

17.8 18.8 16.7 15.7

20.5 19.3 17 16.2

22.9 20.2 17.2 16.7
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nanoparticles, increase in surfactants increased the heat
transfer coefficient compare to that of the pure refrigerant.
They strongly believed that at low volume fractions of nano-
particles, the enhanced boiling performance of R-141b is
suppressed by the addition of surfactants. Nevertheless, at
0.01 vol% and 0.1 vol%, the presence of surfactants avoids
agglomeration of nanoparticles, which was conformed to
the study of the boiling surface. Henceforth, surfactants
ensured an enhanced pool boiling heat transfer coefficient
at these volume fractions.

In another study, Kedzierski [63] examined the influence
of Al2O3/RL68H nanolubricant’s concentration on boiling
characteristics of R134a on a reentrant cavity surface. Their
work showed that the boiling superheat for R134a with
0.5% mass fraction of RL68H oil was reduced by 0.1K and
0.4K at 30 kW/m2 and 107 kW/m2, respectively. Also, an
increase in the oil mass fraction to 1% in the R134a/
RL68H mixture degraded the boiling heat transfer of
R134a further, similar to the observations reported by other
researchers [26, 54]. The critical inference from the experi-
ments is that addition of 0.5% mass of Al2O3 nanoparticles
in R134a/RL68H mixture provided better heat transfer per-
formance for R134a, compare to the performance of pure
R134a and R134a/RL68H mixture. Also, it was reported that
any further increment in the mass fraction of nanoparticles
did not improve the heat transfer performance of nanorefri-
gerant by the researcher. It was agreed that more the nano-
particles addition with refrigerant, more the agglomeration
in the lubricant excess layer which further reduced the
enhancement in the boiling performance of the refrigerant
as suggested by Kedzierski [83]. In this experimental study,
an acoustic transducer was fixed to prevent visual agglomer-
ation of Al2O3 nanoparticles in the lubricant excess layer
and could obtain with an improved boiling heat transfer.
The lubricant oils present in the refrigeration systems favor
to form nanoaggregates exclusively in the adsorption layer,
where more concentration of oil can be found [84].

Umesh et al. [85], in 2015, produced experimental
characterization on the nucleate pool boiling heat transfer
coefficient of pentane with CuO nanoparticles and SDBS
surfactant on enhanced surfaces. Their work related to the
effect of nanoparticles on the boiling heat transfer character-
istics of pentane showed that the heat transfer coefficient of
pentane-CuO was enhanced compare to that of the pure
pentane, and this enhancement reduced with increase in
the volume fraction of nanoparticles in pentane from
0.005% to 0.01%. They proposed that 0.005% volume frac-
tion of CuO nanoparticles in pentane suspended uniformly
and agitated the fluid to have enhanced heat transfer perfor-
mance. They observed with CuO nanoparticles settling on
the cavities of the surface and quoted that the increased sur-
face wettability and reduced of some micronucleation sites
for being the reason of degradation in the heat transfer coef-
ficient of pentane as proposed by Kim et al. [86].

Eid et al. [87] conducted pool boiling studies of R141b
refrigerant with alumina nanoparticles on a flat heater sur-
face of circular cross section at different heat flux values
ranging from 13 kW/m2 to 145 kW/m2, 6 different concen-
trations of alumina particles, and 3 different normalized

pressures. The authors observed that the surface roughness
plays a significant role on the boiling characteristics of the
refrigerant, and they witnessed an enhancement of 124% in
the pool boiling heat transfer coefficient at the heater surface
roughness of 2.87 microns, with 0.05% of alumina particles.

Zendehboudi and Tatar [88] developed RBF neural net-
work model to predict the nucleate pool boiling heat transfer
coefficient and the nanoparticles’ impact alone on the heat
transfer of nanorefrigerant. For this purpose of model devel-
opment, the authors done exhaustive data collection for
training and for testing as well, and the authors could predict
the intended parameters so accurately. The RBF model is a
kind of artificial neural network model that comprises an
input, an output, and a hidden layer. The input parameters
are fed in the input layer, and in the hidden layer, the opti-
mization is being carried out based on Euclidian distance
calculations (genetic algorithm is used in their work), and
the predicted output can be obtained from the output layer.

5. Flow Boiling

The flow boiling heat transfer characteristics of refrigerants
play a significant role to have efficient heat transfer at evapora-
tor/condenser region in RAC systems, which further opti-
mizes the direct and indirect energy consumption of these
systems. Established results claim that nanoscale particles
when added with refrigerants enhance the boiling heat transfer
coefficient during its flow along with refrigerant in the evapo-
rator region. Contradictorily, Henderson et al. [34] reported
with a noticeable decrease in heat transfer coefficient of
R134a when added with SiO2 nanoparticles and believed that
the degradation might be due to their difficulties in obtaining
stable dispersion of nanoparticles in refrigerant. Considerable
research shows that nanoparticles can improve the heat trans-
fer performance of refrigeration or air-conditioning systems,
positively [10, 50, 52]. The augmentation of heat transfer coef-
ficient varies between researches, and it may be attributed to
the differences in environment, types of particles and refriger-
ants, and instruments. Furthermore, it can be observed from
the research that the enhancement of flow boiling heat transfer
coefficient of refrigerant due to addition of nanoparticles
strongly depends on vapor quality, mass flux, heat flux, and
initial nanoparticles’ concentration. In this section, the influ-
ence of all the aforementioned parameters on the enhance-
ment of flow boiling heat transfer coefficient of refrigerants
will be presented based on the obtained research results from
the literature.

Peng et al. [33] found based on their experimental work
that the flow boiling heat transfer coefficient of R113 can be
enhanced to a maximum value of 29.7% using copper oxide
nanoparticles. Their results showed that this enhancement
of local heat transfer coefficient of R113 is more at higher
vapor qualities (x = 0:7, 0:8) than at lower vapor qualities
(x = 0:3, 0:4). The flow nature of refrigerant changes with
vapor quality, and it is attributed to the variation in the heat
transfer coefficient enhancement by the researchers. Also, it
is found from their work that the enhancement in the heat
transfer coefficient of CuO/R113 nanorefrigerant compare
to the pure refrigerant is more at lower mass flux than the
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enhancement obtained at higher mass flux. Their investiga-
tion clearly shows that for the mass fraction of 0.5wt% of
CuO nanoparticles in R113, the enhancement of boiling heat
transfer coefficient at 100 kgm-2·s-1 of mass flux is 29.7%
while this enhancement at 200 kgm-2·s-1 of mass flux is
25.6% for the same mass fraction of nanoparticles. The
mechanism behind the influence of mass flux on the
enhancement in flow boiling heat transfer coefficient of
nanorefrigerant is not explained. Their research never failed
to show the effect of nanoparticles’ concentration on the flow
boiling heat transfer coefficient of nanorefrigerant. They
showed that increase in the mass fraction of nanoparticles
in the refrigerant would increase the flow boiling heat trans-
fer coefficient of the nanorefrigerant compare to the pure
refrigerant. The presence of nanoparticles in refrigerant dur-
ing its flow happens to disturb and reduce the boundary layer
in the evaporator region, being the reason for enhancing the
flow boiling heat transfer, according to the researchers.

Henderson et al. [34], in 2010, experimentally investi-
gated the effect of SiO2 nanoparticles on the flow boiling heat
transfer coefficient of R-134a refrigerant. They reported that
direct dispersion of SiO2 nanoparticles in R134a without any
surface activators deteriorated the heat transfer performance
of the refrigerant during its flow in the evaporator test sec-
tion. Their observation concluded that from the SiO2/
R134a nanorefrigerant mixture, the nanoparticles could set-
tle down without the aid of surface activators to form a layer
of agglomerated particles, which subsequently increase the
resistance to heat transfer. Nevertheless, with CuO nanopar-
ticles and POE oil, the flow boiling heat transfer performance
of R134a seemingly improved. They reported that 0.04% and
0.08% volume fractions of CuO nanoparticles in the mixture
of CuO/R134a/POE oil enhanced the flow boiling heat trans-
fer coefficient of R134a as much as 82% and 101%, respec-
tively, compared to that of pure refrigerant. The clear
physical mechanism behind this enhancement is not
explained, except reasoning an increase in thermal conduc-
tivity of the nanorefrigerant than that of the pure refrigerant.

Sun et al. [55], in 2013, experimentally examined the
heat transfer performance of four nanorefrigerants during
its flow inside an internal threaded copper tube. The four
nanoparticles Cu, CuO, Al, and Al2O3 are added with refrig-
erant R141b at different mass fractions, varying the range of
vapor qualities from 0.3 to 0.8 and at different mass fluxes.
They showed that at a fixed mass flow rate of nanorefriger-
ant in the copper tube, the flow boiling heat transfer coeffi-
cient of nanorefrigerant increases with increase in the mass
fraction of nanoparticles. This is analogous with the experi-
mental observations made by others [33, 77]. Additionally,
increase in the mass flux from 120 kgm-2·s-1 to 330 kgm-2·s-
1, resulted in decreasing the heat transfer enhancement of
nanorefrigerant for the same mass fraction of nanoparticles
also found from their experiments. The reduction in the
enhancement of flow boiling heat transfer coefficient of
nanorefrigerant at high mass flux is attributed to the effect
of insufficient time of interaction of the nanorefrigerant with
the heating wall. Nevertheless, the physical mechanism
behind this nature is to be found. The influence of nanopar-
ticles’mass fraction on the heat transfer coefficient of nanor-

efrigerant agrees with other research results [56, 60]. They
claimed that the mass fraction of nanoparticles is having
stronger effect in enhancing the heat transfer coefficient of
a refrigerant compare to the effect produced by the types
of metal or metal oxide particles on the enhancement.

In 2015, Akhavan-Behabadi et al. [61] conducted exper-
iments to characterize the heat transfer performance of
R600a with CuO nanoparticles and POE oil during the con-
densation process. They showed that the condensation heat
transfer coefficient increases with mass flux and vapor qual-
ity. According to their claim, at high vapor quality, the
enhancement of heat transfer coefficient decreases due to
increased oil concentration towards the high vapor region.
The oil with relatively higher viscosity increases the average
viscosity of mixture in the high vapor quality region, which
leads to decrease in the Reynolds number and hence the rate
of convection heat transfer coefficient. To understand this
effect, the dominant factor which influences the heat transfer
rate with the variation of vapor quality is to be found and
explained.

Mahbubul et al. [77] conducted an analysis on the flow
boiling heat transfer performance of Al2O3-R141b nanorefri-
gerant for the experimental conditions of 100 kgm-2·s-1 mass
flux, 0.2–0.7 vapor qualities, at 25°C, and 0.078535MPa pres-
sure. The heat transfer performance of nanorefrigerant was
investigated for 1 to 5 volume fraction of nanoparticles, and
they concluded that the flow boiling heat transfer coefficient
of nanorefrigerant increases with increase in the nanoparticles
volume fraction, which agrees with the experimental observa-
tion made by Peng et al. [33]. The influence of vapor quality
on the performance enhancement showed that the enhance-
ment of flow boiling heat transfer coefficient at low vapor
quality is higher than that of the enhancement at high vapor
quality, with a trend of reduced enhancement at a medium
vapor quality. Also, they estimated the frictional pressure drop
during the flow boiling of refrigerant R141b with addition of
nanoparticles. Their calculations showed that at 0.7 vapor
quality, a pressure drop of 464.27kPa is obtained with
5 vol% of nanoparticles in the nanorefrigerant mixture, while
at a vapor quality of 0.2, the obtained value of pressure drops
to 3.34kPa for 1 vol% of nanoparticles. Their study cleared
that the addition of nanoparticles in refrigerant will induce
pressure drop during its flow in tubes as claimed by Alawi
et al. [64] through their investigation. Intensified experiments
have to be performed to be aware of the exact influence of frac-
tion of nanoparticles on the pressure drop of nanorefrigerants
compared to that of the pure refrigerants.

In a similar work, Yang et al. [89] experimentally studied
the heat transfer behavior of R141b with four different nano-
particles (Cu, CuO, Al, and Al2O3) suspended in it during its
flow in a smooth tube and in a threaded tube. Under differ-
ent experimental flow flux conditions, the authors found
that the suspended nanoparticles enhanced the heat transfer
coefficient of the refrigerant in both flow conditions, and the
enhancement is found to be larger with threaded tube. The
addition of nanoscale particles in refrigerant in optimal vol-
ume fraction results improvement in its heat transfer coeffi-
cient whereas any further increment would cause reduction
in the enhancement [75].
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In a different study, Seo et al. [90] investigated the effects
of nanoparticles’ deposition on critical heat flux of refriger-
ant during its flow. Al2O3 based nanofluid was made to flow
inside a boiling test section (600–650°C) at a rate of 3 cm/s.
The boiling process induces coating of nanoparticles where
the adhesion force is significant for the particles’ deposition
in the wall for prolonged time. Their established results
claim that at constant mass flux of the refrigerant R113,
the heat transfer coefficient is found increased with Al2O3
nanoparticles coated tube compare to that of the flow with
bare tube. The Al2O3 nanoparticles deposited in the inner
side of the tube (test section) increased the porosity, which
further increases the wettability of the test (inner) surface
with the refrigerant. This can be attributed to the enhanced
flow boiling heat transfer coefficient of R113 with nanopar-
ticles coated tube. During flow condition, the refrigerants
form an annular region at low vapor qualities in the evapo-
rator region, and the chance of augmenting the boiling heat
transfer of the refrigerant falls a bit [91].

Dey and Mandal [91] developed mathematical models
and henceforth optimized the nanoparticles addition and
the flow pipe diameter to have enhancement in flow boiling
heat transfer coefficient of refrigerant with minimum pres-
sure drop during its flow in the evaporator. Lin et al. [92] per-
formed experimental work to understand the migration of
TiO2 nanoparticles from the refrigerant-oil mixture to oil
excess layers, during the dry-out condition of refrigerants in
the evaporator region. The authors observed that the parti-
cles which migrate from refrigerant to oil during the dry
out condition of the refrigerant will adhere to the oil-excess
layer. The more the amount of oil mixed in refrigerant, the
more the thickness of the excess layer and the more the
migration tendency of particles in to the excess layers. How-
ever, lesser would be the particles’ agglomeration in the layer,
whereas the authors conclude that the particle migration in
to oil layer reduced with increase in heat flux owing to more
nucleate site formations under such conditions.

Deokar and Cremaschi [93] conducted flow boiling
studies of R410A refrigerant/polyolester lubricant mixture
with separately Al2O3 and ZnO nanoparticles. The authors
found that the added two different nanoparticles on the
lubricant, during its flow in the evaporator tube, got depos-
ited sparingly. Henceforth, the heat transfer performance
of R410A-nanolubricants is found to be reduced from that
of the R410A-polyolester. The authors quoted the reason
for such degradation of performance is mainly due to the
diffusion of particles in the turbulent layer (as it gets depos-
ited on the flow tube) and hence thickening the laminar sub-
layer as per the previous studies reported by Bigi and
Cremaschi [94].

6. Reports on Size and Morphology

Harvesting the benefits of size dependent characteristics
from nanoscale particles gives way for their industrial usage.
Furthermore, the size of the particles and its morphology are
considered to be significant to achieve their prolonged usage
in industrial applications. At higher concentrations, exclu-
sively the high aspect ratio nanoelements (nanorods/nano-

wires/nanotubes that possess large length to effective
diameter ratio) would result very viscous nanofluid [95]
and henceforth find less useful for cooling purpose. High
aspect ratio nanoelements can easily be entangled when opti-
mum fractions are not maintained in the dispersion, which
could lead to agglomeration quickly, and this effect depends
on the type of nanotubes too [19]. CNTs are found to have
higher thermal conductivity than silver nanotubes; however,
the easy entanglement nature of CNTs when dispersed in
base fluids finds it less effective when compared to nanofluids
containing silver nanotubes. Jeong et al. [23] have interest-
ingly found that the near to rectangular shape Zinc oxide
nanoparticles provided more viscous to the base fluid than
their spherical counter parts. The inability of rectangular
shape to rotate freely in the base fluid and further causing
more resistance to flow property is attributed as the reason
for viscous nature according to the authors. Not alone the
concentration of particles, yet, the particle size also could sig-
nificantly influence the viscosity of the nanofluids. Al2O3
particles of 47 nm average size could contribute more viscos-
ity to the base fluid compared with the same particles of size
36 nm [24]. The larger particles could directly increase the
intermolecular attractions and henceforth would pave way
for increasing the viscous force. In a similar work, Peng
et al. [32] found that copper nanoparticles of lesser in size
contributed much enhancement for the heat transfer in the
nucleate boiling regime, when compared with the same par-
ticles of larger in size. In general, the particles in reduced size
would find its more interactions with the heater surface and
favor more secondary nucleation sites at the surface, which
could boost the heat transfer rate.

Apart from shape and size factors, it is equally significant
to focus on the surface structures of nanoscale particles since
it controls the performance of any engineering fluids/mate-
rials in applications. The morphology of nanostructured ele-
ments can be studied in electron and force probing
microscopes. On the other kind, nanoparticles, owing to its
agglomeration, might deposit on the heater surface which
in further would change the morphology of the heating sur-
face. Particle types directly can contribute for the morpho-
logical change of the surface and consequently, the bubble
formation and departure mechanism, the perturbations in
the running speed of fluid can be resulted. Furthermore,
the morphological changes will cause poor heat transfer per-
formance of the fluids. Yao and Teng [96] claim that the
addition of nanoparticles in base fluid will alter the surface
structure, raise the capillary force, increase the bubble depar-
ture, and favor quick replenishment of liquid molecules at
the heater surface. The authors noted reduction in critical
heat flux and boiling heat transfer rate of base fluids at
higher concentration of nanoparticles; however, no clear
suggestion was given about the concentration level. Kim
et al. [97] explained the physics behind the increase in wet-
tability of heating surface while nanoparticles are seeded in
base fluids, with modified young’s equation as given by

cos θ = γSV − γSLð Þ
σ

∗ r: ð5Þ
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The contact angle of the wetting liquid molecule depends
on adhesion tension (γSV − γSL), surface tension (σ), and the
effective surface area ratio (r). The authors found that in the
increasing adhesion tension, the effective contact area of the
heater surface due to nanoparticle addition caused reduction
in the contact angle, henceforth increasing the wettability of
the surface to result increase in boiling heat transfer perfor-
mance. In the similar fashion, Jaikumar et al. [98] proved
that the surface irregularities of the heater created by the
addition of graphene oxide nanoelements in the colloids
improved its thermal conductivity. The authors postulated
that the hysteresis aroused with the contact angles due to
the particles addition would be the key mechanism behind
the enhancement of boiling heat transfer characteristics of
the base liquid.

7. Conclusion and Future Scope

The present study covers most of the works about the nanor-
efrigerants available in the literature. It is categorized to
review the nanorefrigerants about the following: basic inter-
actions between the particles and refrigerants, thermophysi-
cal properties, pool boiling mechanisms, and flow boiling
studies. Nanorefrigerants are expected to have better perfor-
mance in the systems with efficient energy consumption
[99]. From the present study, the following concluding
remarks are arrived.

(1) Performance of refrigeration systems can be
enhanced using nanorefrigerants

(2) Metal nanoparticles like Al, Cu, Ti, and metal oxide
nanoparticles of Al2O3, CuO, TiO2, SiO2, diamond
nanoparticles, and CNTs are investigated for the
thermal performance enhancement of refrigerants

(3) The influential parameters on the performance of
nanorefrigerants include size, shape, and types of
nanoparticles along with the mass and heat fluxes

(4) Increase in the mass fraction of nanoparticles and
decreasing the lubricant concentration enhances the
heat transfer performance but with an associated
pressure drop in flow conditions

(5) Surfactants play a vital role in the stabile suspension
of nanoparticles with refrigerant, an essential crite-
rion to benefit the advantage of nanorefrigerants
for long run

(6) Heat transfer characteristics of nanorefrigerants dur-
ing pool boiling conditions can be used to depict the
thermal performance of the nanorefrigerants in flow
boiling conditions

(7) Morphology of the heating surface is found to bemod-
ified by the nanoscale particles, and it is attributed as
the reason for the enhancement of thermophysical
properties and heat flux nature of the nanofluids

The research about the mixture of nanoparticles in
refrigerant has believed to have a potential future scope

and the following points can be considered to progress fur-
ther in this research field.

(1) More combination of studies involving metal and
metal oxide nanoparticles in various refrigerants is
needed to have common conclusion about the
influence of various parameters on the performance
of nanorefrigerants in the systems

(2) Many studies related to thermal conductivity and
viscosity of nanorefrigerants are available in the lit-
erature, but the studies related to other thermophy-
sical properties are not sufficient in numbers

(3) The exact physical mechanisms and their sequence
during boiling of nanorefrigerants are not identified

(4) The pool boiling studies on the nanorefrigerants are
to be correlated to its flow boiling with adequate
parameters to have a better understanding about
the flow characteristics in one variable

(5) Numerical investigations in proposing correlations
to estimate the physical properties and heat transfer
coefficients are to be extended further for a wide
range of nanoparticles’ volume fraction and various
experimental conditions

(6) Simulation of nanorefrigerants flow process and
mapping the flow regime across the evaporator
region are to be carried out

(7) To make the existence of nanorefrigerants in the
systems, studies related to long term stability,
trade-off between the thermal performance
enhancement, and the pumping power loss suitable
nanoparticles to retrofit the existing refrigerants are
to be carried out

(8) Studies on refrigerants used for systems operating
other than vapor compression principle are less
available in the literature

(9) Studies examining the potential of nanoparticles in
the new generation refrigerants like HFO1234yf are
to be carried out

(10) Limited studies are found with the particle mor-
phological effects on the heat transfer characteris-
tics of nanofluids, and the research gap needs to
be addressed
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