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Abstract Nanofluids can be utilized as efficient heat
transfer fluids in many thermal energy systems to improve
the system’s thermal efficiency. This survey reviews and
summarizes the experimental and numerical studies per-
formed to determine the effect of nanofluids on the
performance of condensing and evaporating systems.
Advantages and disadvantages of nanofluid implementa-
tion in condensing and evaporating systems are evaluated
and summarized. Moreover, some suggestions and rec-
ommendations are presented for future studies. This review
shows that the nanoparticle deposition and nanoparticle
suspension are two important factors affecting the thermal
system’s efficiency. These factors should be considered
when using different nanofluids in condensing and evapo-
rating systems.
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Introduction

Thermal management of devices at high temperatures is a

significant challenge in today’s industrial applications
including quick cooling in materials processing,
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combustion, nuclear reaction, and electronic equipment
cooling. Researchers have used various techniques to
respond to the effective thermal management demanded by
industry. Among the various tested methods, boiling,
condensation, and evaporation are recognized as the most
promising techniques used passively or actively in various
systems. Active thermal management system methods rely
on external energy introduced to the system to augment the
heat transfer process. These methods typically have the
highest heat transfer rate compared to passive methods that
rely solely on thermodynamics of heat transfer modes to
perform the heat transfer process. Among various methods,
electrohydrodynamics [1], the cold spray technique [2] and
acoustic actuation [3] are popular examples of active
techniques for nanofluid utilization in thermal systems [4].
Controlled micro/nanostructured surfaces [5]; surface
modification [6]; incorporating of turbulators or swirl flow
devices [7] are examples of passive techniques. Kim et al.
[5] reviewed the published papers on micro/nanostructured
walls used to enhance the boiling heat transfer. They
concluded that the micro-porous and tiny size roughness
structures on a wall have a significant role in enhancing the
boiling heat transfer rate.

One of the attractive techniques for improving heat
transfer during a phase change process is the use of
nanofluids. Some researchers reviewed papers published
toward this regard. Fang et al. [8] reviewed published
papers about heat exchange and critical heat flux of
nanofluid boiling. Their review showed that most studies
on nanofluid boiling are for pool boiling, while only about
20% are performed for flow boiling. Moreover, they con-
cluded that novel technologies are required to improve the
stability of nanofluids for boiling systems with nanofluids.
Ciloglu and Bolukbasi [9] reviewed pool boiling of
nanofluids. They reported that the volume fraction of
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nanoparticles has an important effect on the boiling heat
transfer coefficient and the critical heat flux. The boiling
heat transfer coefficient and the critical heat flux are
enhanced as the volume fraction of nanoparticles increases
to a specific point, beyond which extra enhancement
deteriorates the boiling heat transfer coefficient and has no
influence on critical heat flux. This can be interpreted as
saying that there is an optimum volume fraction that gen-
erates the maximum value of critical heat flux but does not
decrease the boiling heat transfer coefficient. Kamatchi and
Venkatachalapathy [10] reviewed research on the applica-
tions of nanofluids for improvement of critical heat flux
during pool boiling heat transfer. They recommended
employing nanoparticles with smaller diameters as they are
more efficient for enhancing the critical heat flux. More-
over, they stated that to decrease particle clustering, it is
necessary to investigate the influence of relative size
between nanoparticles in fluid phase. Celen et al. [11]
reviewed flow behaviours and applications of nanorefrig-
erants. They reported the lack of a general analytical model
for predicting the physical properties of nanorefrigerants.
Cai et al. [12] performed a literature review on the latest
progress in aggregating fractal-based models to nanopar-
ticles in fluid. They reported that by considering
nanoparticles as moving liquids, three new fractal
approaches for heat exchange of nanofluids containing
convective heat exchange, critical heat flux, and subcooled
pool boiling heat exchange can be presented. Bashirnezhad
et al. [13] reviewed the latest experimental research on
thermal conductivity of nanofluids. They reported that
there is a direct and two-way relationship between the
thermal conductivity and the temperature of the nanofluids.

The literature review showed that the available papers in
this field cover only the applications of nanofluids in the
boiling process, and they do not cover other processes with
condensing and evaporating. Therefore, this review paper
focuses on the experimental and numerical research per-
formed to improve the efficiency of condensing and
evaporating systems using nanofluids. Advantages and
disadvantages of nanofluid implementation in condensing
and evaporating systems are evaluated and summarized.
Moreover, some suggestions and recommendations are
presented for future studies.

Applications of nanofluids

Applications of nanofluids in condensing systems
Condensation refers to the vapor-to-liquid phase change in
fluids that involves a considerable amount of heat release

due to the fluid’s high internal energy differences between
the liquid and gas states. Therefore, the condensation
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process is ideal for high-power cooling systems such as air-
cooled power station condensers [14], biotechnology [15],
food technology [16], and industrial automations [17].
Dalkilic and Wongwises [18] reviewed the condensation
process, including condensation in all horizontal, vertical
and inclined tubes, within smooth and enhanced tubes.
They reported that replacing the working liquids in the
condensing system is necessary for addressing the chal-
lenges from the ozone substrate’s evacuation and global
warming generated by new chemical compounds. Much
research has focused on condensation improvement
through diverse active or passive techniques. Usually,
thermal energy is exchanged inside the condensate film by
conduction. Accordingly, adding materials with high val-
ues of thermal conductivity is useful for improving the
thermal efficiency of a condensing system. Utilizing nan-
otechnology as a passive technique has the strong potential
for enhancing the performance of condensing systems.
Some researchers used this technique and investigated the
influence of nanoparticles on condensation phenomena.
Liu et al. [19] performed an experimental study on the
heat transfer involved in vapor condensation of nanofluids
in inclined and horizontal grooved heat pipes. They
reported that the thermal efficiency of an inclined grooved
heat pipe can be improved by applying nanofluids. They
used 50 nm copper oxide nanoparticles for a 1% concen-
tration nanofluid. Adding CuO nanoparticles to water
causes the maximum heat flux of the heat pipe to increase.
Huminic and Huminic [20] experimentally investigated the
heat exchange in the condensation of nanofluid vapor in a
thermosyphon system. They used iron oxide nanoparticles
with the maximum concentration of 5.3%. Their results
showed that the thermal resistance of the thermosyphon
with the nanoparticle solution is lower compared to the
pure water. Reis Parise [21] presented a simulation model
that used nanofluids as condenser coolants in heat pumps.
The results of their research showed that an increase in the
thermal conductivity of the condenser coolant positively
affects the efficiency of the heat pump. The author
observed about a 5.4% enhancement in the heating coef-
ficient of efficiency when wusing a nanoparticle
concentration of 2%. Huminic and Huminic [22] investi-
gated numerically the heat exchange in the condensation of
the nanofluid vapor in thermosiphons. They considered
three values for nanoparticle concentrations of 0, 2.0, and
5.3%. They concluded that the volume fraction of
nanoparticles has an important influence in decreasing the
temperature difference created between the evaporator and
condenser. Avramenko et al. [23] presented an analytical
model to investigate the flow characteristics and heat
exchange in film condensation of stationary nanofluid
vapor around a flat wall. They included the Brownian and
thermophoretic diffusion mechanisms in their model and
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concluded that the Brownian diffusion decreases heat
transfer, while the thermophoretic diffusion increases the
heat transfer of the condensate film. In other research,
Avramenko et al. [24] studied on vapor that flowed with a
constant speed over a flat wall and achieved similar results.
El Mghari et al. [25] numerically studied the nanofluid
condensation within a horizontal smooth square
microchannel. They reported that the condensation heat
transfer coefficient is enhanced about 20% as the
nanoparticle concentration increases from O to 5%. More-
over, they found that the condensation heat transfer
increases with a decrease in the microchannel hydraulic
diameter. This enhancement in condensation heat transfer
by decreasing hydraulic diameter was more important for
water than nanofluids. Turkyilmazoglu [26] performed an
analytical study to investigate the film condensation of
nanofluids over a perpendicular wall. They used both single
and multi-phase models and various nanoparticles,
including copper, copper oxide, silver, alumina, and tita-
nium oxide, to simulate the nanofluids. The author found
that the condensate film width decreased as the concen-
tration of nanoparticles increased due to the acceleration of
the fluid flow within the hydrodynamic boundary layer.
Moreover, it was concluded that Ag nanoparticles have the
maximum influence on cooling the condensate film, while
TiO, nanoparticles have the minimum effect due to their
thermal conductivities. As a result, the thermal conduc-
tivity of nanoparticles is the most important factor affecting
condensation. In other research, Turkyilmazoglu [27] per-
formed the same problem on a curved perpendicular plate
with a convex/concave configuration. The author observed
a higher heat exchange due to the smaller thicknesses of
hydrodynamic and thermal boundary layers for the con-
densation of nanofluids around the curved walls in
comparison to flat ones. Malvandi et al. [28] used an
analytical method to study the influences of alumina and
titania nanoparticles’ migration on improving heat transfer
of a film during condensation around a perpendicular
cylinder. It is worth mentioning that changing the volume
fraction and direction of nanoparticle migration can control
the thermophysical attributes of nanofluids [29, 30]. This
dynamic is effective as it can enhance the cooling effi-
ciency by arranging the flow and heat transfer rate.
Malvandi et al. [28] found that the migration of nanopar-
ticles toward the cold wall enhances the nanoparticle
concentration. This enhancement in nanoparticle concen-
tration causes an increase in the thermal conductivity of the
condensate film and improves the thermal efficiency of the
system. Malvandi et al. [31] analytically studied the film-
wise condensation of nanofluids around a perpendicular
wall in a laminar regime. They included the nanoparticle
migration in their model. Their results showed that the heat
transfer rate and nanoparticle concentration within the

condensate film increase as the saturation nanoparticle
volume fraction increases. Malvandi et al. [32] investigated
the influences of magnetic field on thermal conductivity of
magnetic nanofluids in film-wise condensation around a
perpendicular cylinder. They found that the speed of
magnetic nanofluids through the film decreases as the
magnetic field intensity increases. Moreover, their results
showed that the nanoparticle migration is enhanced within
the condensate film by increasing the nanoparticle size,
which leads to an increase in the nanoparticle concentration
near the cold surface. Heysiattalab et al. [33] investigated
the anisotropic characteristic of magnetic nanofluids in
film-wise condensation around a perpendicular wall under
the influence of a uniform changeable-directional magnetic
field.

Figure 1 shows the nanoparticle concentration for dif-
ferent values of the Brownian to thermophoretic diffusivity
(NpT) ratio versus dimensionless temperature (7*). It can
be seen that the nanoparticle concentration is non-uni-
formly distributed from the interface between the vapor
and liquid phases (7* = 1) toward the cold wall (7* = 0) as
the thermophoresis forces the nanoparticles to move from
the hotter to the colder zone. Moreover, the migration of
nanoparticles decreases with an enhancement in Ngt. This
leads to a decrease in the nanoparticle concentration within
the condensate film. It should be noted that enhancing Nyt
can be interpreted as enhancing the thermophoresis versus
the Brownian diffusion [33].

Lee et al. [34] experimentally studied the influence that
nanoparticles walls modified by reticulated humidity had
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Fig. 1 Nanoparticle volume fraction of the Brownian to ther-
mophoretic diffusivity (Npt) ratio versus dimensionless temperature
(T*). Figure is reprinted from Heysiattalab et al. [33] with permission
from the publisher
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Table 1 Research on application of nanofluids in condensing systems

Authors Type of research Nanoparticles Particle size Concentration
(nm)
Liu et al. [19] Experimental Copper oxide 50 nm 1%
Huminic and Huminic Experimental/ Copper oxide 4-5 nm 0,2 and 5.3%
[20] numerical
Reis Parise [21] Mathematical Copper Not mentioned  0-2%
Huminic and Huminic Numerical Iron oxide 4-5 nm 0,2 and 5.3%
[22]
Avramenko et al. [23] Analytical Parametric defined Not mentioned 0-1%
Avramenko et al. [24] Analytical Parametric defined Not mentioned 0-1%
Turkyilmazoglu [26] Analytical Copper, silver, copper oxide, alumina, and titanium Not mentioned  0-10%
oxide
El Mghari et al. [25] Numerical Copper, aluminum, copper oxide, alumina, and Not mentioned  0-5%
diamond
Malvandi et al. [28] Analytical Alumina and titania 100 nm Not
mentioned
Malvandi et al. [31] Analytical Alumina and titania 100 nm Not
mentioned
Malvandi et al. [32] Analytical Iron oxide <100 nm Not
mentioned
Heysiattalab et al. [33] Analytical Iron oxide <100 nm Not
mentioned
Turkyilmazoglu [27] Analytical Copper, silver, copper oxide, alumina, and titanium Not mentioned  0-10%
oxide
Famileh et al. [35] Numerical Copper, silicon dioxide, and sodium chloride 100 nm 0-1%

on condensation heat exchange. They reported that the
nanoparticles—walls modified by reticulated humidity
provided superior efficiency in condensation heat
exchange, especially when the droplet-sweeping influence
of gravity was not considered. Famileh et al. [35] numer-
ically investigated the influence of nanoparticles on
condensation of moist air in the presence of a large amount
of air inside a perpendicular channel. Moist air condensa-
tion has various applications in heating, ventilation, and air
conditioning (HVAC) devices including air conditioners,
boilers, chillers, heat pumps, dehumidifiers, humidifiers,
and radiant systems. They concluded generally that
applying nanoparticles enhances the condensation in 12.3%
on average. Moreover, their results showed that for small
values of relative moistures, applying nanoparticles has an
inconsiderable influence on the condensation phenomenon,
while, for saturated moist air, nanoparticles have an
important influence on this phenomenon.

As mentioned earlier, thermal energy is exchanged by
conduction mode inside the condensate film; hence, adding
materials with high values of thermal conductivity such as
nanoparticles can be effective in improving the thermal
efficiency of a condensing system. The thermophysical
attributes of nanofluids can be controlled by changing the
volume fraction and direction of nanoparticle migration.
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Researchers used this technique successfully to increase
the thermal conductivity of the condensate film and
improve the thermal efficiency of the condensing systems.
The results showed that for small values of relative
humidity, applying nanoparticles has an inconsiderable
influence on the condensation phenomenon, while, for
saturated humid air, nanoparticles have an important
influence on this phenomenon. Table 1 summarizes the
research performed on applying nanofluids in condensing
systems. The influence of nanoparticles deposition and
suspension type on phase change during condensation has
not been studied in previous research. However, the
importance of particle deposition and suspension type can
affect the thermal performance of a condensing system.
Numerical simulations and theoretical investigations
accounted for about 85% of nanofluid condensing studies,
and experimental research is rare. The experimental
investigations deserve more attention in this regard. Most
of the previous research in this field has focused on
external condensation over a wall while internal conden-
sation has been studied less. Note that internal
condensation of refrigerants has occurred in many appli-
cations containing condensers employed in air
conditioning, refrigeration, and heat pumps.
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Applications of nanofluids in evaporating systems

Evaporation is a phenomenon in which a liquid absorbs
thermal energy in changing to a vapor state. To enhance the
efficiency of compact heat exchangers applied in heat
pumps, these devices need to operate with their lowest
temperature. One method to achieve this is to transfer
thermal energy with a working liquid that leads to a phase
change such as evaporation. Applying nanofluids is rec-
ognized as a novel technique for improving evaporation
rate. Some researchers have performed experimental and
numerical studies in this area.

Chon et al. [36] investigated the influence of nanopar-
ticle diameters on the evaporation behaviors of nanofluid
droplets. Figure 2 shows the nanofluid droplet evaporation
for nanoparticles with small and large diameters. As shown
in this figure, more smaller nanoparticles with their larger
viscosity values causes the thermally driven nanoparticle
movement to be suppressed, which leads to a fatter and
more uniform evaporation in the core zone with a loosely
defined broader ring in the edging zones. However, bigger
nanoparticles with small viscosity values cause a faster
movement toward the edge due to the more active distil-
lation. The leading evaporation leaves a very specific ring-
shaped stain.

Sefiane and Bennacer [37] conducted experiments to
evaluate the effect of Al nanoparticles on the evaporation
and soaking dynamics of ethanol sessile droplets on a
heated wall. Figure 3 shows TEM micrographs of alu-
minum nanoparticles. These micrographs were obtained by
using Atomic Force Microscopy analysis. Note that Atomic
Force Microscopy analysis was performed to show dried
solutions and nanoparticle fouling. Sefiane and Bennacer
[37] found that nanofluid droplets create larger primary
contact angles in comparison to the pure fluid. Note that
primary contact angles have an important influence on
droplet evaporation rate.
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Fig. 2 Nanofluid droplet evaporation: a smaller nanoparticles (2-nm
Au); b bigger nanoparticles (47-nm Al,O3). Figure is reprinted from
Chon et al. [36] with permission from the publisher

Chen et al. [38] added different nanoparticles containing
Laponite, Fe,O3, and Ag nanoparticles to deionized water
to investigate their influence on droplet evaporation. They
applied Polyvinylpyrrolidone to stabilize the nanoparticles
and make the following conclusions:

o Adding Laponite somewhat decreases the evaporation
rate constant and enhances the apparent heat of
evaporation.

« The Ag nanofluid with Polyvinylpyrrolidone consider-
ably increases the evaporation rate in comparison to the
deionized water.

o« The Fe,O; nanofluid with Polyvinylpyrrolidone
decreases the evaporation rate and enhances the appar-
ent heat of evaporation compared to the deionized
water.

Chen et al. [39] repeated this problem and measured
surface tension of nanofluid droplet evaporation. They
concluded that Laponite and Ag nanoparticles are suit-
able for decreasing the surface tension by a factor of 3,
when the solid volume fraction of the particle is enhanced
by a factor of 10. Zhao et al. [40] analytically investigated
the influence of nanoparticles on narrow film evaporation
in microchannels. They concluded that a narrow porous
coating substrate is formed near the walls by the
nanoparticle fouling. This substrate recovers the surface
humidity, while considerably decreasing the narrow film
evaporation when the substrate thickness is augmented due
to the substrate’s thermal resistance. Gan and Qiao [41]
added nanoparticles to fuel droplets and experimentally
investigated their effects on the evaporation behavior of the
fuel. They numerically modelled the particle agglomera-
tion process to find the influence of particle agglomeration
on droplet evaporation rate. Figure 4 shows the particle
agglomeration model in a vaporizing droplet. Note that
particle agglomeration is created by collisions between
particles where they simulated the dynamic agglomeration
process of Al nanoparticles (80 nm) in a vaporizing fuel
droplet (ethanol and n-decane). The particle agglomeration
can be created in nanofluids by three main transport
mechanisms containing Brownian diffusion, fluid move-
ment, and differential setting. A droplet with sphere
geometry and diameter of 1 mm was used in this model and
Al nanoparticles were uniformly distributed inside the
droplet at the initial time. More details about this model
can be found in Gan and Qiao [41]. They found that when
the droplet lifetime is greater than the characteristic
agglomeration time, the particle agglomeration process has
an influence on the evaporation. Otherwise, particle
agglomeration has a negligible effect on droplet
evaporation.

Javed et al. [42] investigated the effects of Al
nanoparticles on the evaporation characteristics of heptane
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Fig. 3 a TEM micrographs of the Al nanoparticles; b Atomic Force Microscopy analysis. Figure is reprinted from Sefiane and Bennacer [37]

with permission from the publisher

droplets. They found that the evaporation rate increases by
adding nanoparticles at high temperatures due to formation
of a highly porous shell. This leads to small aggregations,
while at lower temperatures, the formation of large
aggregations leads to a decrease in evaporation rate. Ger-
ken et al. [43] investigated the nAl/ethanol nanofluid
pendant droplet evaporation. They concluded that at longer
periods, the packing of accumulates near the droplet
boundary causes the creation of porous shell structures,
which modify the droplet boundary and configuration. Shin

@ Springer

et al. [44] investigated the positional aggregation behaviors
of a nanofluid droplet during evaporation. Figure 5 shows
images of the pure fluid droplet and nanofluid droplets at
different views. It can be seen that the total evaporation
time and initial equilibrium contact angles are reduced by
adding the nanoparticles and enhanced nanoparticle
concentration.

Tso and Chao [45] investigated enthalpy of evaporation
and evaporation rate of aqueous nanofluids, using Al,O;
and TiO, as nanoparticles. Their results showed that the



Applications of nanofluids in condensing and evaporating systems

2033

\
/

_~Go0000 e )
Q//ooooooooo\\%
/0000000000 0N\
/oooo0000O0O0O0OOO\ Droplet
/ooooo0ooo0000000 \D=1mm

fooooooooo0o00000 0\

[coo00000000O0O0O O]

—B{ooooooooooooooo

lO 0000000000000 O0

\\ooooooooooooooo/'

O O0OO0O0O00CO0OO0O0O0CO0 0 6. il

\\o 0000000000 oo/\’[\ Nanoparticles
\ 7/ D=80nm
\NO O OOOOOOOO o0/
Wx\gooooooog,/§

~9 0000~

Fig. 4 Particle agglomeration model in a vaporizing droplet. Figure is
reprinted from Gan and Qiao [41] with permission from the publisher

enthalpy of evaporation is reduced by increasing the
nanofluid volume fraction. Moreover, they concluded that
the evaporation rate of nanofluids could be enhanced or
reduced, depending on their volume fraction and the type
of nanofluid. Chen and Lin [46] analytically investigated
the narrow film evaporation of nanofluids using Cu, CuO,
Al,O3, and SiO, as nanoparticles. They found that
increasing the concentration of nanoparticles causes a
reduction in the liquid’s viscosity and an increase in the
thermal conductivity, which enhances the evaporation in
the narrow film. Moreover, they reported that the Cu-water
nanofluid has a lower narrow film thickness in comparison
with the pure water. Rudolf Eggers et al. [47] investigated
particle motion in flash evaporation of nanofluids. They
found that the flash evaporation of nanoparticles causes a

full-phase separation in the evaporating process. Wei et al.
[48] studied the influence of insoluble nanoparticles on
droplet evaporation.

Evaporation of liquid droplets has extensive applications
in food processing, spray drying, medicine, energy, and
motive force fuels, among others. Studies show that the
non-dimensional ratio of particle diffusion time to the
droplet lifetime and initial particle concentration have a
role in the evaporation characteristic prior to shell forma-
tion. Figure 6 is extracted from Wei et al. [48], which
indicates the effect of particles on the morphology of
waterless particles for two cases, i.e., Peclet numbers << 1
and Peclet numbers >> 1. As shown in this figure, for Peclet
numbers << 1, the amount of evaporation of a droplet is
adequately small. Accordingly, there is enough time for
particles to redistribute themselves by diffusion all over the
droplet. This creates a packed globular particle. For Peclet
numbers >> 1, particles do not have adequate time for
diffusing and are rapidly contained on the receding droplet
boundary, causing vacant grains.

Wei et al. [49] analytically studied the influence of
internal circulation on evaporation of nanofluid droplets
and particle distribution inside the nanofluid droplet. Note
that the internal circulation was created by viscous influ-
ences at the interface between liquid and vapour in the
convective surroundings. They found that the particle dis-
tribution can be dominated by convection for stronger inner
circulation. Fu et al. [50] experimentally investigated the
evaporation of aluminium oxide—water nanofluids inside an
evaporator, which was externally micro-grooved. Their
results showed that the combination of nanofluids together
with micro-grooves leads to a superior evaporation heat
transfer performance. Mahian et al. [51] investigated the
influence of nanofluids on the amount of evaporation inside
a solar still coupled with a heat exchanger (see the
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Fig. 5 Images of the pure fluid droplet and nanofluid droplets: a the front view at the initial states; b and ¢ the forepart and top view images after
completing the natural evaporation, respectively. Figure is reprinted from Shin et al. [44] with permission from the publisher
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Fig. 6 Effect of particles on the
morphology of waterless
particles, Wei et al. [48].
Figure is reprinted with
permission from Elsevier

schematic of the experimental set-up in Fig. 7). They tested
SiO, and Cu as nanoparticles with a maximum concen-
tration of 4%. They concluded that nanofluids can enhance
the amount of evaporation inside the solar still but the
amount of effectiveness depends on the inlet temperature
of the heat exchanger. For nanofluids with high inlet
temperatures, the effect of nanoparticles on evaporation
enhancement is marginal (about 1%). At low inlet tem-
peratures of heat exchangers (i.e., 50 °C and less),
nanofluids have a greater effect on the evaporation rate
(about 10%), but in this case the use of the heat exchanger
in the solar still is not beneficial since it reduces the pro-
ductivity of the solar still in comparison with conventional
ones.

Finally, evaporation heat transfer can be used in drying
and food processors, compact heat exchangers, electronic

Fig. 7 Experimental set-up
designed by Mahian et al. [51]
to investigate the effect of
nanofluids on the evaporation
rate in solar still.

Figure reprinted with

Pyranometer

e

)\
Q,LL
R
o
et % . Particle redistribution Packed sphe_res
o e (smaller terminal
© within droplet .
o b size)
< ®
L]
®
X ) A)@
s K
- P \\,

Inclusion formation
(Derkachov et al. 2008)

Hollow spheres
(larger terminal size)

cooling, etc. In all these applications, improving the
evaporation rate is very essential to managing the thermal
energy and efficiency of the system. Nanofluids are
promising as future-generation heat exchange liquids for
flow evaporating heat exchange. The results of previous
research show that the evaporation rate of nanofluids can
be enhanced or reduced with respect to their volume
fraction and the kind of nanofluid. Many researchers in this
field have focused on evaporation of nanofluid droplets.
Table 2 summarizes research performed on applying
nanofluids in evaporating systems. Nanofluid applications
in mini/microchannel flow evaporating systems can be a
new topic for future research.
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Table 2 Research on application of nanofluids in evaporating systems

Authors

Type of research

Nanoparticles

Particle size/nm

Concentration/%

Chon et al. [36]

Sefiane and Bennacer [37]
Chen et al. [38]

Chen et al. [39]

Gan and Qiao [41]

Zhao et al. [40]

Javed et al. [42]

Gerken et al. [43]

Shin et al. [44]

Tso and Chao [45]

Chen and Lin [46]
Rudolf Eggers et al. [47]
Fu et al. [50]

Wei et al. [48]

Wei et al. [49]

Mahian et al. [51]

Experimental
Experimental
Experimental
Experimental
Experimental/numerical
Analytical
Experimental
Experimental/mathematical
Experimental
Analytical/experimental
Analytical
Experimental
Experimental
Analytical

Analytical

Analytical/experimental

Au, CuO, AlLO3 2, 11, 30, and 47 nm 0.5

Al 60 nm 5

Laponite, Fe,O3, and Ag 1040 nm 0.05-0.5
Laponite, Fe,O3, and Ag 10-30 nm 0.05-0.5

Al 80 nm 0.5-2.5
AlL,O3 2040 nm 0.1-5

Al 70 nm 0.5,2.5and 5
Al 40-60 nm 0-3

AL O3 50 nm 0-0.5

Al,O; and TiO, 13-80 nm 0-1

Cu, CuO, Al,03, and SiO, 1-100 nm 04

Ag, TiN, 10-550 nm <0.034
Al,O5 13 nm 0.05, 0.1 and 0.5
Al and SiO, 100 nm 0-5

Silica 30 nm 0-0.6

SiO, and Cu 7 and 40 nm 04

Effects of different parameters on the thermal
efficiency of nanofluids

Deposition of nanoparticle

Many authors found that deposition of nanoparticles on the
evaporator surface is a main reason of improvement in
thermal efficiency of condensing and evaporating systems.
It should be stated that deposition of nanoparticle on
evaporator surface increases surface wettability, capillary
influence, condensate flow rate, and finally the thermal
efficiency of condensing and evaporating systems. More-
over, deposition of nanoparticles on the surface creates an
artificial layer that decreases the thermal resistance by
bombarding the vapour bubbles during the bubble forma-
tion at the interface between solid and liquid surfaces
[52-59]. Also, this layer increases the evaporator surface
area and capillary force which enhances the evaporating
heat transfer.

Surfactant of nanoparticle

The aggregation and sedimentation of nanoparticles in the
refrigerant nanofluids can decrease the stability of them
and limit the application of them in the refrigeration system
containing air conditioning and heat pump systems. For
stabilizing the nanoparticles in the refrigerant nanofluid,
one efficient method is gusing the surfactant into them. The
presence of surfactant additives has influences on the

boiling heat transfer specifications and subsequently,
affects the overall efficiency of evaporators in the refrig-
eration systems as they change the thermophysical
attributes of working liquids containing surface tension,
viscosity and so on. The researches performed by Peng
et al. [60-63] and Prakash et al. [64, 65] indicated that the
adding of surfactant materials considerably affect the effi-
ciency of the pool boiling heat transfer of a nanofluid. The
adding of surfactant increases the nucleate pool boiling
heat transfer of nanofluid. Moreover, adding of surfactant
directly affects microlayer evaporation process. The
microlayer evaporation process is occurred in the thin
liquid substrate created under a bubble during the bubble
growth happening in an evaporating process.

Effects of base fluid

Base fluids are employed for suspending nanoparticles to
form nanofluids. The base fluids, which mostly used in
evaporating and condensing systems, are water, ethylene
glycol, and refrigerants. Based on the available conven-
tional thermal conductivity models (e.g. the Maxwell
model), the thermal conductivity ratio enhances by reduc-
ing the thermal conductivity of base fluid in a mixture.
Accordingly, poor conductive fluids provides superior
results in comparison with highly conductive fluids.
Moreover, when water is considered as the base fluid, the
situation is more complex because the viscosity of the
water affects the Brownian motion of nanoparticles and
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this subsequently, affects the thermal performance of the
mixture [66].

Effect of particle
Effect of particle type on thermal conductivity of nanofluid

As mentioned earlier, the thermal conductivity of
nanoparticles is the most important factor affecting con-
densation and evaporation. Many types of particle are
employed for synthesising nanofluid used in evaporating
and condensing systems containing Al,O3;, CuO, TiO,,
Zn0O, Si0,, SiC, Ag, Au, Cu, and Fe;0, nanoparticles.
Previous researches indicated that particle type affect the
thermal conductivity of nanofluids and thermal perfor-
mance of system. The thermal conductivities of some
materials are presented in Table 3. Note that the effects of
particle type on thermal conductivity of nanofluid should
be considered along with other parameters such as particle
shape, particle diameter, particle concentration, base fluid
thermal conductivity, and nanofluid temperature.

Effects of particle type on boiling characteristics

Generally, good understanding of the effects of nanopar-
ticles on boiling characteristics helps to better understand
mechanisms leading condensing and evaporating systems.
Accordingly, the effects of particle type on boiling char-
acteristics are discussed in this section. Table 4 presents
boiling characteristics for different nanoparticles at three
values of concentration. Critical heat flux, onset of nucleate
boiling, and leidenfrost temperature are these characteris-
tics presented in this table.

Critical heat flux is a momentous point on the boiling
curve. Generally, the transition from nucleate boiling to
film boiling can be achieved abruptly by enhancing heat
flux. In this situation, the temperature difference is
increased quickly. The point of transition from nucleate
boiling to film boiling is recognized as the point of
departure from nucleate boiling. The heat flux associated

Table 3 Thermal conductivities of some common materials

employed for synthesising nanofluid

Material Thermal conductivity/ Material Thermal conductivity/
W/m K W/m K

Si0, 1.38 ALO; 40

Fe304 7.2 Cu 325

TiO, 83 Au 417

CuO 13.51 Ag 444

ZnO 15 SiC 497

@ Springer

with departure from nucleate boiling is named as the crit-
ical heat flux. Critical heat flux is the thermal limit of a
phenomenon where a phase change is occurred during
heating, which suddenly reduces the performance of heat
transfer, therefore leads to localize overheating of the
heating surface. As presented in Table 4, the critical heat
flux of the nanofluids is higher in comparison with water.
Nanofluids create a buildup of a thin porous substrate of
nanoparticles on the heater’s wall, which may considerably
enhance the surface wettability and, consequently, leads to
increase in critical heat flux. Moreover, the critical heat
flux enhances by increasing the concentration of nanopar-
ticles. It is worth mentioning that among all nanoparticles
presented in this table Al,O3 has the maximum critical heat
flux of onset of nucleate boiling, while TiO, has the min-
imum one.

If the surface temperature rises adequately above the
local saturation temperature, pre-existing vapor in surface
sites can nucleate and grow. This temperature can be
considered as the onset of nucleate boiling for this flow
boiling situation. Note that heat and mass transfers during
nucleate boiling has a considerable influence on the evap-
orative heat transfer rate. This heat transfer process helps
quickly and efficiently to evaporate liquid from a surface
and is therefore sometimes desirable. As presented in
Table 4, the temperature of onset of nucleate boiling of the
nanofluids is lower in comparison with water that means
the nanofluids has a superior heat transfer performance
than that of the water. In addition, the temperature of the
onset of nucleate boiling decreases by increasing the vol-
ume fraction of nanoparticles. This means that the nucleate
boiling heat transfer occurs faster for higher values of
volume fraction of nanoparticles. It is worth mentioning
that among all nanoparticles presented in this table Al,O3
has the minimum temperature of onset of nucleate boiling,
while TiO, has the maximum one.

The Leidenfrost influence is a physical phenomenon in
which a fluid on a surface considerably hotter than the
fluid’s boiling point, generates an insulating vapor sub-
strate. This substrate keeps the fluid from boiling quickly.
Accordingly, a droplet hovers over the surface rather than
making physical contact with it. If the surface temperature
is at or above the Leidenfrost point, the water moves across
the surface and takes longer to evaporate than in a surface
below the temperature of the Leidenfrost point. At tem-
peratures above the Leidenfrost point, the bottom part of
the water droplet vaporizes quickly on contact with the hot
plate. As a result, Leidenfrost point has an important
influence on the evaporating rate. As presented in Table 4,
the Leidenfrost point of the nanofluids is higher in com-
parison with water. Usually, the Leidenfrost temperature
for nanofluids are about 57-70 °C higher than that of water.
Moreover, Leidenfrost temperature decreases as the
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Table 4 Boiling characteristics for different nanoparticles [67]

Table 5 Applications of condensing and evaporating systems

Material Concentration/ Critical Onset of Leidenfrost
vol% heat flux/  nucleate temperature/
W/em? boiling/°C °C
Water - 167.7 4.5 204.8
Ag 0.1 329.5 2.9 265.1
0.07 315.6 32 266.8
0.04 301.5 3.6 269.3
Al 0.1 3114 33 262.1
0.07 270.8 34 270.6
0.04 255.5 3.7 274.2
MCNT 0.1 323.7 32 264.5
0.07 289.5 34 271.1
0.04 267.9 35 272.6
Al,O3 0.1 354.6 2.1 263.2
0.07 341.8 2.4 267.5
0.04 329.6 2.6 270.3
SiO, 0.1 331.8 24 265.8
0.07 320.4 2.9 269.5
0.04 309.7 32 273.1
TiO, 0.1 304.7 35 267.4
0.07 290.1 3.7 270.5
0.04 271.2 4.1 273.1
Fe;04 0.1 350.5 2.3 261.2
0.07 303.2 2.5 264.5
0.04 290.7 2.8 268.3

nanoparticle volume fraction increases. Note that the
deposited nanoparticles on the heater surface can increase
the rewetting phenomena which lead to increase in Lei-
denfrost temperature.

Concluding remarks and directions for future work

This survey reviews and summarizes experimental and
numerical research on improving the efficiencies of con-
densing and evaporating systems by using nanofluids.
Some of the applications of condensing and evaporating
systems are listed in Table 5.

Moreover, the following conclusions were made:

« The thermophysical attributes of nanofluids can be
controlled by changing the volume fraction and direc-
tion of nanoparticle migration. This dynamic is
effective in enhancing the cooling and condensing
efficiencies by arranging the flow and heat transfer rate.

o The nanoparticle-modified wall with reticulated wetta-
bility characteristic is suitable for superior efficiency in
condensation heat exchange, especially for the

Name of Applications
system
Condensing Air-cooled power station condensers,
system biotechnology, food technology, industrial
automation air conditioners, boilers, chillers, heat
pumps, dehumidifiers and humidifiers, etc
Evaporating Nuclear reactors, air conditioning systems, drying
system systems, medicines, food processing, spray drying,

energy fields, motive force fuels, etc

condition in which the droplet-sweeping influence of
gravity is not considered.

o For small values of relative humidities, applying
nanoparticles has an inconsiderable influence on the
condensation phenomenon, while, for saturated humid
air, nanoparticles have an important influence on this
phenomenon.

« The evaporation rate of nanofluids can be enhanced or
reduced, relative to their volume fraction and the kind
of nanofluid.

« Small agglomerates lead to evaporation rate increases
after a highly porous shell is formed when adding
nanoparticles at high temperatures. At lower tempera-
tures, the formation of large agglomerates leads to
decrease in evaporation rate.

The following recommendations are proposed:

o Generally, the number of studies in heat exchange
during condensation of the vapor nanofluids is rather
limited, and this area requires more attention.

« Nanoparticle deposition and nanoparticle suspension
are two important factors that affect the efficiency of a
thermal system. These factors should be considered
when using different nanofluids in condensing and
evaporating systems.

o Numerical simulations and theoretical investigations
accounted for about 85% of nanofluid condensing
studies, and experimental research was rare. There is
a need for additional experimental investigations and
data.

« Most of the previous research in the field of nanofluid
condensation has focused on external condensation over
a wall while internal condensation is less studied. Note
that internal condensation of refrigerants has occurred
in many applications containing condensers employed
in air conditioning, refrigeration, and heat pumps.

« New types of nanofluids and nanoparticles such as
graphene nanoparticles and ionic liquid nanofluids with
promising thermo-physics properties should be used in
condensing and evaporating systems to evaluate their
potential in these systems.
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The pressure drop penalty added by nanofluids should
be coupled with heat transfer improvement of these
fluids. This helps to evaluate the system’s efficiency
properly.

Checking nanofluid stability and using novel technolo-
gies to enhance the stability are required to make
nanofluids efficient and reliable in condensing and
evaporating systems.
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