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Abstract

Since diluted suspensions of nanoparticles were first called nanofluids and presented as viable solutions for heat transfer
applications, this subject has received much attention and related investigations have expanded to many paths. In order to
comprehend how nanoscale-related effects could influence the macroscopic transport behavior of nanofluids under single
or phase-change conditions, researchers have studied, for example, the stability of these solutions, variation of thermal and
rheological properties, and the convective heat transfer behavior of a great variety of nanofillers in common fluids, mainly
water. The deposition of nanofillers over heated surfaces has also been investigated due to the role of surface nanos-
tructuring in modifying wettability, thermal resistance, and delaying the occurrence of critical heat flux. Despite the
considerable number of publications regarding nanofluids, scattered results for transport properties or convective behavior
of nanofluids under similar experimental conditions are often found, which hinders their applications due to a lack of
comprehension on the mechanisms related to the behavior of these fluids and, consequently, to the difficulty in predicting
it. In this context, this work concerns a review about the heat transfer behavior of nanofluids under single-phase flow, pool
boiling, and flow boiling conditions. In general, there is a consensus that the heat transfer coefficient of single-phase flow is
enhanced by the addition of nanoparticles to base fluids, although overall benefits of their application cannot be assured due
to increases in viscosity. In contrast, either increase or decrease in heat transfer coefficient could be observed for pool and
flow boiling conditions. Such behavior can be attributed to surface modifications due to interactions between the bare
surface texture and the deposited nanoparticles; however, information on the surface texture is commonly missing in most
works. Finally, the main mechanisms reported in the literature pointed out as responsible for the heat transfer coefficient
behaviors are summarized, where it can be seen that modifications of transport properties and particles movements impact
single-phase flow, while phase-change heat transfer is also influenced by variations of surface characteristics.

Keywords Nanofluid - Convection - Boiling - Transport properties - Phase change

List of symbols q Heat flux (kW/m?)
Cp Specific heat [J/(kg K)] e Critical radius (m)
d Channel diameter (m) rnp  Particle radius (m)
dp Particle diameter (m) Ryq Interfacial thermal resistance (K/W)
g Gravity acceleration (m/sz) T Temperature (°C)
G Mass velocity [kg/(m2 s)] v Sedimentation velocity (m/s)
h Heat transfer coefficient [W/(m? K)] \% Flow velocity (m/s)
k Thermal conductivity [W/(m K)] X Vapor quality
n Configuration factor
p Pressure (kPa) Greek symbols
o Thermal conductivity ratio
¢  Particles volume fraction
Technical Editor: Francis HR Franca. ¢, Particles mass fraction

A Minimum spacing between particles (m)
0 Density (kg/m®)

o Surface tension (N/m)

Y Sphericity
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Subscripts
bf Base fluid
in Inlet

nf  Nanofluid
np Nanoparticle

Abbreviations

CHF  Critical heat flux

HTC Heat transfer coefficient
PVA Polyvinyl acetate

1 Introduction

The ability to dissipate or absorb heat in restricted spaces is
a major challenge for the development of electronic devi-
ces and concentrated solar energy converters. In this way,
during the last decades, much effort has been employed in
order to attend the increasing demands for heat absorption
and spreading in such equipments [1]. Researchers indicate
that the substitution of traditional air cooling systems by
liquid cooling ones is a promising solution to satisfy the
increasing demand for high heat flux removal, maintaining
low temperature gradients and wall overheating [2].
Among the available cooling methods, single- or multiple-
phase flows through microchannels have been extensively
investigated and presented favorable results [3, 4], espe-
cially when associated with heat recovering systems [5, 6].
However, there is much to be improved in order to achieve
the full potential of these most promising cooling methods
[7]. In this context, modifying the transport properties of
fluids to intensify the heat transfer coefficient (HTC), for
example, has been indicated as a possible method to
improve the performance of heat spreading systems. Choi
and Eastman [8] suggested that diluted suspensions of
metallic nanoparticles, which they called nanofluids, could
be employed as improved refrigerants in heat exchanging
systems, and also investigated the feasibility of using such
fluids.

Inspired by Choi and Eastman’s work [8], many inves-
tigations regarding nanofluids were carried out. Research-
ers have investigated, for example, various methods to
produce stable nanofluids [9], the influence of nanoparti-
cles addition in distinct base fluid physical properties, and
single- or two-phase heat transfer behavior of nanofluids
[10]. For instance, Yang et al. [11] measured the convec-
tive HTC of single-phase laminar flows of graphite-loaded
nanofluids in a horizontal tube. In their study, they found
thermal conductivity enhancements of up to 56%, which
improved the heat transfer coefficient. Nevertheless, the
use of nanofluids also implies on increment in the pumping
power for a fixed mass flow rate due to higher pressure
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drops, if compared with pure base fluids flows. This rise in
pumping power is directly related to an increment in the
base fluids’ viscosity caused by the addition of nanoparti-
cles [12].

Majority of investigations regarding nanofluids are
focused on thermophysical properties of the fluids and heat
transfer behavior under single-phase flow, as can be veri-
fied in some literature reviews [13, 14]. Phase-change heat
transfer, however, has also been investigated, and numer-
ous works that deal with pool boiling of nanofluids can be
found [15], while fewer studies regarding flow boiling of
nanofluids have been carried out [16]. Despite the sub-
stantial number of publications in this field, distinct
research groups often report scattered results for similar
experimental conditions, which corroborate the need for
additional investigations focusing on the physical mecha-
nisms responsible for the observed behaviors [17, 18]. In
this context, a broad literature review was conducted in the
present work, in order to reveal the state of the art of
nanofluids and critically analyze previous experimental
results together with their interpretation. In this way, the
historical evolution of nanofluid investigations is pre-
sented, and some methods for preparation, stabilization,
and characterization of nanofluids are described, and then,
the results are discussed. Finally, studies involving single-
phase and boiling heat transfer behavior of nanofluids are
reviewed, and the main conclusions found in the literature
regarding heat transfer mechanisms are summarized.

2 Historical perspective

Masuda et al. [12] conducted a pioneering study where they
proposed and evaluated the influence of nanoparticles
insertion on the thermal conductivity of a base fluid, thus
promoting an enhancement of the single-phase forced
convection HTC. Subsequently, Choi and Eastman [§]
designated such solutions of nanoparticles dispersed in
base fluids as nanofluids, and evaluated the feasibility of
their application as thermal fluids. These authors conducted
a theoretical investigation in which they stated that the
thermal conductivity of nanofluids, hence the convective
HTC, would be significantly enhanced due to the high
thermal conductivity of metallic nanoparticles, which can
be higher than that of conventional fluids by up to two
orders of magnitude. Triggered by this work, a large
number of research groups dedicated to study thermo-
physical properties of nanofluids have arisen around the
world.

Pak and Cho [19] produced Al,O3- and TiO,-loaded
water-based nanofluids and evaluated variations in vis-
cosity and HTC for internal forced convection. These
authors verified an augmentation on both HTC and pressure
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drop for fixed values of Reynolds number. Pak and Cho
[19] also indicated higher increments in the fluid viscosity
with addition of nanoparticles than the values predicted by
correlations from the literature. Lee et al. [20] assessed the
thermal conductivity of nanofluids containing oxide
nanoparticles, and noticed reasonable agreement between
their experimental data for fluids containing micrometer-
sized clusters and Hamilton—Crosser correlation [21], while
the thermal conductivity of fluids containing nanometer-
sized clusters was underestimated by the same correlation.
Xuan and Li [22] indicated that increments in thermal
conductivity and dynamic viscosity were directly related to
concentration of nanoparticles in nanofluids, corroborating
previous results. These authors also pointed out that shape
and dimensions of nanoparticles could significantly alter
nanofluids transport properties, such that a careful prepa-
ration procedure of the nanofluids should be carried out,
because particles clusters will modify the effective parti-
cles dimensions within the fluids. They indicated ultra-
sonication and the use of surfactants as viable procedures
to obtain stable solutions with dispersed particles.

Later on, many other studies regarding the thermal
conductivity of nanofluids were conducted, and large dis-
crepancies between experimental data acquired by distinct
research groups for similar nanofluids were noticed. An
example is the comparison between the data of Li and
Peterson [23] and Das et al. [24], which found increments
in the thermal conductivity of 35 and 18%, respectively, for
DI-water nanofluids containing 4% of CuO nanoparticles.
In this context, Boungiorno et al. [25] coordinated an
investigation involving 34 independent research groups
that employed distinct fabrication and thermal conductivity
characterization methods for nanofluids. According to this
work, there is no exceptional augmentation of thermal
conductivity related to the addition of nanoparticles, and
this property can be satisfactorily predicted by existing
correlations. Motivated by applications in heat exchangers,
Tertsinidou et al. [26] measured transport properties of
various nanofluids composed by water and ethylene—glycol
as base fluids. Then, based on the measured values of the
nanofluid properties, they analyzed variations in the
effective heat transfer coefficient predicted by correlations,
concluding that the combined effects of increased thermal
conductivity and viscosity are usually not advantageous to
the overall thermal performance.

Efforts on investigations concerning phase-change heat
transfer behavior of nanofluids began in the early 00’s. Das
et al. [27] studied pool boiling of water/Al,O5; nanofluids
and observed that the addition of Al,O3 nanoparticles to
water is detrimental to the HTC. Research on flow boiling
was headed by Faulkner et al. [28], who aimed for elec-
tronics cooling applications and reported an increase in
HTC of nanofluids compared to the base fluid. You et al.

[29] draw boiling curves for nanofluids and found signifi-
cant enhancement of the critical heat flux (CHF) of
nanofluids compared to deionized water. Most recently,
Buongiorno [30] stated that the use of nanofluids is mostly
indicated for applications that require drastic increases in
CHF. Such conclusions have led to investigations toward
the influence of nanofluids and surface nanostructuring on
CHF and HTC, which has been widely investigated in
recent works [31-34]. Since there is no consensus yet on
the role of nanofluids in heat transfer, various aspects that
can influence the behavior of nanofluids and their ther-
mophysical properties were reviewed and are presented in
the next sections.

3 Preparation, stabilization,
and characterization of nanofluids

It is well known that the heat transfer coefficient is influ-
enced by the transport properties of the fluid either for
single- or two-phase flows. Thus, the characterization of
such properties is an essential task if one wants to inves-
tigate the physical mechanisms that are responsible for
changes in heat transfer rates when nanoparticles are added
to base fluids. According to the literature, the transport
properties can be significantly altered by the employed
fabrication and stabilization methods, as endorsed by
Babita et al. [9], and it is important that transport properties
are adequately measured, in order to guarantee that the
obtained values correspond to homogeneous solutions with
known sizes, shapes, and targeted concentrations of parti-
cles. In this sense, techniques for preparation, stabilization,
and characterization of nanofluids are discussed next.

3.1 Preparation

In general, nanofluids preparation can be divided into one-
or two-step methods. In one-step methods, nanoparticles
grow in the base fluid, usually through chemical reactions,
while in two-step methods they are added to the base fluid
and subsequently dispersed using a homogenization tech-
nique. A detailed analysis of nanofluids fabrication meth-
ods was presented by Das et al. [35], where they concluded
that two-step methods is less efficient in terms of producing
stable nanofluids, if compared to one-step methods. Sta-
bilization of nanofluids can be improved by the use of
surfactants, but they can modify many properties of the
solution and, consequently, affect the heat transfer behav-
ior, especially for heat transfer mechanisms involving
nucleate boiling. Although nanofluids produced by two-
step methods are generally less stable, such methods
became popular because they are easily implemented and
more flexible, since nanopowders of numerous materials
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are commercialized and can be mixed into any fluid. It
should be remarked that two-step methods also suit
industrial applications better than one-step methods, due to
faster preparation and up-scalable fabrication [36].

3.2 Stabilization

Nanofluids can be treated as colloids, which are dispersions
with one of its components with dimensions between 1 nm
and 1 pm. If the characteristic dimension of the dispersed
phase is smaller than a critical radius (r.), no sedimentation
will occur because gravitational effects are surpassed by
Brownian movements. Nevertheless, nanoparticles’ surface
energy increases for smaller dimensions [37], and the
probability of aggregation rises, so the effective size of
dispersed particles can be much larger than that of a single
particle, resulting in sedimentation that characterizes
unstable nanofluids. Ghadimi et al. [36] indicated that
sedimentation velocity (v) in a suspension of particles that
are larger than the critical radius is related to the balance of
forces of a single particle suspended in a continuous
medium. For a stationary fluid, according to Stokes’ Law, it
is given by:

v — 2r121p (pnp - pbf)g

Iyt M

where 7, is the particle radius, p,, and py are densities of
particle and base fluid, respectively, g is acceleration due to
gravity, and pyr is the viscosity of the base fluid. Based on
Eq. (1), sedimentation velocity can be reduced if the
effective dimensions of dispersed phase are diminished, the
viscosity of the base fluid is increased, or density values of
both components are similar [38].

Sedimentation can be avoided by the addition of sur-
factants to the mixture, since they reduce surface energy,
thus promoting particle repulsion and inhibiting agglom-
eration [36, 39, 40]. Ghadimi et al. [36] discuss that col-
loids with a pH close to the isoelectronic point are less
stable; thus, pH control is another way to improve
nanofluids’ stability. Naturally, if the charges surrounding
the nanoparticles are chemically controlled, repulsion
between particles can be assured, and thus, agglomeration
and consequent sedimentation are prevented [36, 41-43].
Beck et al. [44] reported stabilization improvement by
adding HCI to Al,O5; + water/ethylene—glycol nanofluids
in order to reduce the pH of the solution to 4, avoiding the
isoelectronic point (pH = 7). Oliveira et al. [45] reported
stable behavior of water-based nanofluids containing up to
0.1% in volume of PVA-treated TiO, nanoparticles.
Finally, another way of obtaining stable nanofluids through
two-step methods is to work with low volumetric concen-
trations of nanoparticles (< 1%), as suggested by Zhang
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et al. [46]. As an example, Esfahani et al. [47] worked with
mineral oil-based nanofluids prepared by a high-pressure
homogenization method containing up to 0.05% in volume
of silver, copper, or titanium oxide nanoparticles with no
surfactants, and reported highly stable solutions even for
10 days after their preparation.

3.3 Characterization

Based on their experimental data [11, 12, 48], authors
stated that nanofluids properties are badly predicted by
established correlations commonly employed to calculate
properties of blends containing micrometer-sized particles.
These authors usually relate such unpredicted behaviors to
interactions that are not relevant when larger-scale particles
are taken into account, like Brownian movements and
thermophoresis. To this date, no general behavior of
nanofluids has been described yet, but it is a consensus that
particles movements and interfacial effects significantly
influence the transport behavior of nanofluids [17].

3.3.1 Thermal conductivity

Increments in thermal conductivity were pointed by Choi
et al. [49] as the main reason for heat transfer coefficient
intensification on single-phase forced convection of
nanofluids. According to Lomascolo et al. [10], this is the
reason for the existence of so many works dedicated to
measuring the thermal conductivity of nanofluids and
relating it to variations in the heat transfer coefficient.
Since thermal conductivity value of the dispersed phase is
generally two orders of magnitude higher than that of base
fluid, even the addition of small amounts of nanoadditives
could result in significant augmentation of nanofluids
thermal conductivities [50-52].

There are many parameters that influence the variation
of the thermal conductivity of a base fluid by the addition
of a dispersed phase, e.g., materials properties, size and
geometry of the solid phase, solution concentration, inter-
action between both phases, and temperature. It is observed
that the increment in the thermal conductivity of the
nanofluid is directly related to the thermal conductivity
(k) of the nanoparticle material. This is verified by a
comparison between solutions containing metal oxide
inclusions [24, 47, 53, 54] and metallic additives
[47, 53, 55, 56], with the latter presenting higher thermal
conductivity values. Among these authors, Murshed et al.
[53] observed that the presence of 1% in volume of alu-
mina nanoparticles (k = 30 W/m K) in ethylene—glycol
and engine oil base fluids resulted in an augmentation of
10% in thermal conductivity, whereas the thermal inten-
sification caused by the same volume of aluminum
nanoparticles (k = 204 W/m K) was 20%. Esfahani et al.
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[47] also observed greater thermal conductivity enhance-
ment in mineral oil-based nanofluids containing highly heat
conducting fillers, like carbon nanotubes or silver, than
nanofluids loaded with TiO, nanoparticles.

Although there are many aspects regarding the mecha-
nisms that influence nanofluids transport properties, it is a
consensus that the thermal conductivity of a solution
increases with increasing nanoparticles volumetric con-
centration. Such statement is valid considering that parti-
cles with higher conductivity are added to the base fluid, as
highlighted in the broad literature review on conductive,
convective, and radiative heat transfer of nanofluids con-
ducted by Lomascolo et al. [10]. Many authors reported
linear increments in thermal conductivity with rising vol-
umetric  concentration of spherical nanoparticles
[20, 24, 53, 54, 57-59]. Some authors observed that the
intensification of the thermal conductivity of a base fluid
promoted by cylindrical nanoparticles is higher than that
promoted by spherical nanoparticles [53, 54, 60]. They also
mentioned that for cylindrical nanoparticles the variation of
the thermal conductivity with nanoparticle concentration
follows an asymptotic behavior, presenting higher gradi-
ents for smaller volumetric concentrations [45, 47].

Lomascolo et al. [10] also stated that size effects on
nanofluids transport properties are yet to be cleared, since
distinct research groups observed different trends. Beck
et al. [44] verified a reduction in thermal conductivity with
decreasing particles diameter, especially for particles
smaller than 50 nm. Feng et al. [61] concluded that lower
thermal conductivity augmentation caused by smaller
particles is a consequence of agglomeration. Contrarily to
these investigations, Chopkar et al. [62] and Colangelo
et al. [63] observed higher thermal conductivity intensifi-
cation for nanofluids containing smaller particles, as was
also noted by Mintsa et al. [64] for nanofluids at 48 °C.
Nevertheless, for 20 °C, no major influence of nanoparticle
size on thermal conductivity of nanofluids was detected by
Mintsa et al. [64]. Such behaviors could be related to the
temperature effect on Brownian motion and particles
agglomeration [65].

Effects of temperature on nanofluids thermal conduc-
tivity have also been investigated, and, based on available
data in the literature, Lomascolo et al. [10] inferred that the
results obtained by independent research groups can rarely
be employed to quantify the temperature influence in
nanofluids thermal conductivity, since other important
experimental parameters are usually distinct. Some authors
indicate an augmentation of thermal conductivity with
temperature [23, 24, 45, 53, 66, 67], while others verified
no clear temperature effects [68] or even a reduction in
thermal conductivity with rising temperature [12].

It is usual to find comparisons in the literature between
experimental data and correlations that predict the thermal

conductivity of heterogeneous materials. One of the most
cited is the Maxwell’s model [69], which was proposed for
suspensions of non-interacting spherical particles dispersed
in a continuous medium, and is given by:
o+24+2(o—1)¢
kg =
a+2—(a0—1)¢p

where o is the thermal conductivity ratio between
nanoparticles and the base fluid,

o=k

kot (2)

) kot

and ¢ is the volumetric concentration of the suspension.

Another commonly cited correlation was proposed by
Hamilton and Crosser [21], who extended Maxwell’s
model to suspensions containing cylindrical particles by
including a configuration factor (n) into the expression, as
follows:

ot =)+ (n—-1)(a—1)¢

knp = Py § gy prg ko, (3)
where
n :% (4)

and V) is the sphericity, defined as the ratio between the
surface area of a sphere with the same volume of one
particle and the surface area of the particle. For spherical
particles, ¥ = 1 and n = 3, thus Hamilton—Crosser corre-
lation turns into Maxwell’s model.

Nan et al. [70] proposed a model for predicting the
thermal conductivity of suspensions of particles within a
fluid, considering the existence of interfacial thermal
resistance between the dispersed and continuous phases
and variations in particles geometries. For the limiting case
of interest, where the dispersed phase is composed by
spherical particles, Nan’s model is given by:

o+ 2+ 2(0— 1) + 201 — ¢p)Roakue

kot = Tnp k 5
nf a+2—(a71)¢+a(2+¢)&%§bf bf (5)

where Ry is the interfacial thermal resistance between both
phases and r, is the particle radius. If Rpq = 0, the inter-
action between both phases is perfect and Nan’s model
reverts to Maxwell’s model. Since the interfacial thermal
resistance is always positive, the effective thermal con-
ductivity calculated by Eq. (5) will be lower than that
predicted by Maxwell. Nevertheless, Maxwell’s model
usually underestimates thermal conductivity values of
nanofluids, which suggests that there are significant heat
transfer mechanisms that are being neglected in such cal-
culations. Many authors compared their experimental data
on thermal conductivity of nanofluids with Hamilton—
Crosser correlation [11, 54, 71, 72], and the observed

@ Springer



303 Page 6 of 29

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2018) 40:303

inaccuracies were attributed to nanoscale-related effects,
such as Brownian motions, which were not considered in
this correlation because they have no significance when
larger particles are employed [11, 48].

As already mentioned, in order to investigate possible
reasons for the extraordinary heat transfer capabilities of
nanofluids reported by some authors, Buongiorno et al. [25]
performed a benchmark study, where seven distinct
nanofluids were characterized by 34 independent research
groups. These authors concluded that the thermal conduc-
tivity enhancement obtained by the addition of nanoparti-
cles to a fluid increases linearly with rising volumetric
concentration and aspect ratio, and is inversely related to
the thermal conductivity of the base fluid. It should be
remarked that no abnormal increment in thermal conduc-
tivity was reported in this investigation, and Nan’s model
[70] gave satisfactory predictions of the thermal conduc-
tivity measurements from independent laboratories.

Figure 1 shows a comparison between the predictive
methods for the thermal conductivity of Hamilton and
Crosser [21] and Nan et al. [70]. In this figure, it is observed
that the interfacial thermal resistance plays a role of reducing
the increment in the thermal conductivity of the nanofluid in
relation to the base fluid. It is also noticeable that the pre-
dictions are similar when the interfacial thermal resistance is
null and if spherical nanoparticles are considered.

3.3.2 Viscosity

Dynamic viscosity () is an important transport property of
fluids, since it is related to their resistance to deformation and
is usually defined as the ratio between shear stress and
velocity gradient or shear strain [73]. According to Mena
et al. [74], nanofluids containing less than 13% in volume of
particles behave as Newtonian fluids, i.e., their viscosity is
independent on shear strain, thus can be determined through

1.2

[ ———Hamilton and Crosser (1962)
[ ----- Nan et al. (1997) Rys=10"
Nan et al. (1997) Roe=10"° -

s —

2
o [%]
Fig. 1 Comparison between methods for predicting thermal conduc-

tivity values of nanofluids containing spherical Al,O3 nanoparticles
with d,, = 20 nm
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the slope of the straight line that relates shear stress versus
shear strain of the fluid. If compared to thermal conductivity
investigations, there are relatively few works related to the
rheological behavior of nanofluids [36]. In general, viscosity
of a base fluid is increased with the addition of nanoparticles
[12, 45, 53, 57, 74-76], and therefore, the required pumping
power for a given mass flow rate in a channel is raised. This
behavior is in accordance with Reynolds—Colburn analogy,
which states that increases in heat transfer are associated with
rise in pressure loss.

Masuda et al. [12] observed an augmentation of 60% in the
base fluid viscosity for nanofluids containing around 5% in
volume of nanoparticles, while Wang et al. [75] and Murshed
et al. [53] reported increments in viscosity of up to 80% for
similar concentrations. Murshed et al. [53] employed surfac-
tants in their nanofluids and stated that distinct dispersion
techniques will result in solutions with different viscosities
due to the size of particles agglomerates. Effects of particles
size on viscosity of DI-water + Al,O3; nanofluids were
investigated by Motta [57], who noticed increases in viscosity
for smaller particles and higher concentrations of nanofluids.
The viscosity of nanofluids containing 1% in volume of
20-30 nm Al,O3 nanoparticles has risen 55%, while that of
nanofluids containing 1% of 15 nm Al,Oz nanoparticles
presented augmentations of up to 90%.

Rises in dynamic viscosity were verified by Mena et al.
[74] and Nguyen et al. [76] for lower temperatures and higher
concentrations of nanoparticles. Besides, Nguyen et al. [76]
also observed instabilities in nanofluids properties, which they
defined as hysteresis, at temperatures above a certain
threshold, named by the authors as critical temperature.
Ghadimi et al. [36] stated that such behavior is a limiting
aspect for enhancing heat transfer with nanofluids, since their
properties may present unexpected variations, which results in
inaccurate predictions of heat transfer and pressure loss
coefficients. The shape of the dispersed particles can also alter
nanofluids’ viscosity. Timofeeva et al. [77] noticed that dis-
persions containing cylindrical nanoparticles were more vis-
cous than dispersions containing the same concentration of
spherical nanoparticles. These authors suggested that the use
of cylindrical nanoparticles in potential applications is limited
due to higher pressure drops, if compared to less viscous
fluids, besides higher complexity in fabrication, thus being
more expensive.

In the literature, dynamic viscosity of nanofluids is
satisfactorily predicted by Einstein’s equation [78-80],
which is given by:

g = (1 +2.50) (6)

where ¢ and e are viscosities of the nanofluid and the
base fluid, respectively, and ¢ is the volumetric concen-
tration of dispersed phase. Einstein [78] deduced such
equation for a suspension of spherical particles in a viscous
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medium by considering the dispersed energy of a viscous
fluid flowing over a single particle and relating it to the
necessary work to dislocate a particle in this medium.
Since interactions between particles were not considered in
this model, Ghadimi et al. [36] suggested it could only be
used for nanofluids containing less than 2% in volume of
particles. Various modifications to Einstein’s model were
proposed in the literature, aiming to extend the range of its
applicability. Usually, such modifications are based on
correction factors related to the effective particle size, to
the organization of particles in the medium, and to the
distances between particles. Brinkman [81] proposed the

following relation  for  dispersions containing
microparticles:
1 )
Iyt = 55 1
-

while Lundgren [82] employed a Taylor series expansion
and derived their correlation:

Hnp = (1 +2.5¢ +245¢2> My (8)

which returns to Einstein’s equation, if the second-order
term is neglected. Graham [83] modified the model pro-
posed by Frankel and Acrivos [84], such that it would
coincide with Einstein’s equation for smaller dimensions of
particles, resulting in the relation:

1 1 1
1+2.5¢+2.25 - -

1.18 T

Einstein (1906)
115 Brinkman (1952)
“°0 -—-—Lundgren (1972) o
-—-—Graham (1981) oz
1120 F
‘/ L
— R
o =
5 1.09} P
\?_' ,/’,//‘
c o
< 1.06} L
T
=
’/
o
1.03+ F
1 s t
0 4 5
o [%]

Fig. 2 Comparison between methods for predicting viscosity of
nanofluids containing spherical nanoparticles with d;,,;=30 nm

(1-¢) (pCP)bf+¢(pCP)np
( 1 - ¢))l)bf + qsf)np

where p,r and ¢, ¢ are the density and specific heat of the
nanofluid, py¢ and (pcp)pr are the density and volumetric
heat capacity of the base fluid, and p,, and (pcp)y,, are the
same properties of the nanoparticles. Variations of these
properties according to volumetric concentration of
nanoparticles for a solution containing Al,O3 nanoparticles
dispersed in deionized water are illustrated in Fig. 3.

; (11)

Cpnf =

Hor =

(1 +9-

Hof s )

where A is the minimum spacing between particles, and 7y,
is the particles’ radius.

A comparison between the presented correlations for
predicting the viscosity of nanofluids is shown in Fig. 2.
For low concentrations, no significant variations are
observed, as expected, but they are more relevant as the
concentration rises, especially for values higher than 5%.

3.3.3 Density and specific heat

Nanofluids density and specific heat are usually directly
calculated by the rule of mixtures as a function of volu-
metric concentration of nanoparticles [85], as follows:

Puf = (1 - ¢)pbf + d)pnpa (10)

For the considered materials, specific heat decreases
with concentration of nanoparticles, while density rises.

1150

1130+

1110}

1090 -

1070+

pnr [kgim®]

1050

Cp,nf [kJ/kgK]

1030+

1010+

990

o [%]

Fig. 3 Variations of density and specific heat due to volumetric
concentration of alumina nanoparticles dispersed in deionized water
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This increase in density should result in reductions in
pressure drop for a fixed mass flow rate, since the flow
velocity decreases for higher densities. However, this
decrease in pressure drop is not verified, due to the sig-
nificant viscosity augmentation. In addition, the decrease in
specific heat implies that, for single-phase flow and for
fixed values of mass flow rate and heat flux, larger tem-
perature gradients will be obtained along the flow path
when the nanofluid is heated or cooled, in comparison with
the base fluid.

4 Single-phase flow of nanofluids

Most investigations regarding nanofluids applications are
focused on single-phase flow of nanofluids. Studies con-
cerning in-tube single-phase forced convection of
nanofluids are summarized in Table 1. This table shows a
dominance of water-based nanofluids, while various
materials were employed as dispersed phase, e.g., graphite,
graphene, copper, alumina, hematite, magnetite, titania,
zinc oxide, carbon nanotubes, among others. Other fluids
also used as continuous media were: transmission oil,
mixtures of synthetic oils, water + ethylene—glycol,
water + carboxymethyl cellulose, and water + cetyl-tri-
methyl-ammonium chloride. Tests were generally per-
formed at temperatures close to environmental conditions,
and the diameters of the channels varied between 50 pm to
16 mm.

Generally, studies indicate intensification of the HTC
due to the addition of nanoparticles to base fluids. Never-
theless, this trend was not observed by some researchers
[91, 103, 110, 112, 117]. Ding et al. [91] reported a
decrease in the HTC for Reynolds numbers around 135 for
nanofluids containing diamond nanoparticles dispersed in
ethylene—glycol with surfactants to improve their stability.
In a recent work, Chougule and Sahu [108] observed that,
in comparison with the pure base fluid, the HTC of
nanofluids containing surfactants presented less increase
than nanofluids without surfactants, suggesting that the
presence of surfactants in nanofluids may cause a degra-
dation of the HTC. Gémez et al. [117] studied water
nanofluids containing silver nanoparticles and single-wal-
led carbon nanotubes (SWCNT), and verified increases of
up to 7% in the HTC with augmentations of up to 13% in
pumping power for silver-loaded nanofluids, while for
SWCNT the heat transfer coefficient presented only
decreases of up to 17% and increases in pumping power
that reached 25%, in comparison with the base fluid.

Although Utomo et al. [103] reported that the thermal
conductivity of a base fluid increases with the addition of
nanoparticles, no significant variations in the HTC were
observed by them for Reynolds numbers varying from 520
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to 1080. For Reynolds numbers lower than 1500, Kar-
imzadehkhouei et al. [110] did not observe significant
variations of the HTC either, and they attributed the
observed increments for Reynolds numbers greater than
1500 to the intensification of particles movements associ-
ated with turbulence effects. Li et al. [112] noticed that the
HTC increased for nanoparticles mass fraction (¢,,) equal
to 2.5%, while the HTC decreased for ¢,, = 5%. According
to the authors, such behavior suggests the existence of an
optimum concentration of particles in the nanofluid, asso-
ciated with a maximum heat transfer coefficient. A similar
conclusion was presented by Azmi et al. [107], although
the HTC in their study has only risen with increasing
nanoparticles concentration.

Many authors in the literature reported increments of the
HTC that surpass what would be expected solely by ther-
mal conductivity augmentation [19, 66, 72, 85, 87, 88,
90, 91, 93, 94, 96, 98, 99, 102, 104, 107, 108, 111, 115,
116, 118]. Some of these authors performed their experi-
ments for turbulent flows [19, 85, 87, 90, 98, 99, 102,
107, 108, 111, 115, 116], in which the HTC depends on
density, dynamic viscosity, thermal conductivity, specific
heat, channel diameter, and flow velocity, according to
Dittus—Boelter correlation, written in terms of transport
properties as follows:

h — 0023p08 V0.8d70.2'u70.4k0.6cg.4. (12)

As already discussed, the addition of nanoparticles to
base fluids is responsible for raising density, thermal con-
ductivity, and viscosity, while diminishing the specific
heat. Previous investigations show that changes in density
and specific heat of nanofluids obey the rule of mixtures,
and variations of thermal conductivity and viscosity are
much more prominent. In addition, for the same mass flow
rate, an increase in density will result in a decrease in fluid
velocity of the same magnitude. Based on these observa-
tions and analyzing the exponents of Eq. (12), it is possible
to infer that the thermal conductivity and viscosity are the
main transport properties responsible for alterations in the
HTC, if mechanisms related to particles movements are
neglected. In this context, increments in the HTC for tur-
bulent single-phase flow that are higher than the predicted
values considering the thermal conductivity augmentation
indicate the existence of additional mechanisms responsi-
ble for improving heat transfer that are generally neglected,
like the movement of nanoparticles due to turbulence
effects. Heyhat and Kowsary [119] conducted a similar
analysis for laminar flows, in which Brownian movements
and thermophoresis were responsible for particles motion,
and thermal diffusion was enhanced by the migration of
nanoparticles from regions closer to the wall to the center
of the channel.



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2018) 40:303

Page 9 of 29 303

Table 1 Summary of experimental conditions and results for heat transfer coefficients of nanofluids on single-phase internal forced convection

Authors Preparation method Base fluid 4+ nanoparticle/¢ dp/surface material ~ Reynolds Effect on
number HTC
Pak and Cho [19] Two steps + variation of ~ Water + Al,03/1.34-2.78% (vol) 10.66 mm/stainless  10*-10° 1
the pH Water + Ti0,/0.99-3.16% (vol) steel 1
Li and Xuan [86] Two steps + surfactant Water + Cu/0.3-2% (vol) 10 mm/brass 800-25,000 1
Xuan and Li [87] Two steps + surfactant Water + Cu/0.3-2% (vol) 10 mm/brass 10,000-25,000 1
Wen and Ding [88] Two steps + surfactant Water + Al,03/0.6-1.6% (vol) 4.5 mm/copper 500-2100 i
Yang et al. [11] - Mixture of synthetic oils 4 graphite/ 4.57 mm/- 5-110 1
2% (mass)
Transmission oil + graphite/2-25% 1
(mass)
Heris et al. [89] Two steps Water 4+ Al,03/0.2-3% (vol) 6 mm/copper 650-2050 1
Water + Cu0/0.2-3% (vol) i
Ding et al. [66] Two steps + surfactant Water + CNT/0.1-0.5% (vol) 4.5 mm/copper 800-1200 i
Lee and Mudawar  Obtained from Water + Al,05/1-2% (vol) 341 pm/copper 140-941 1
[80] manufacturer and diluted
He et al. [90] Two steps + variation of ~ Water 4+ Ti0,/0.24-1.18% (vol) 3.97 mm/copper 900-5900 1
the pH
Ding et al. [91] Two steps + variation of ~ Water + TiO,* 3.97 mm/copper 50-450 1
the pH Water + CNT* 1
T“:i‘? stepsd—|— surfactant Water + titanate nanotubes* 1
(diamond) Water + Diamond* !
Ethylene—glycol + TiO,* 1
Willians et al. [92]  Obtained from Water + Al,03/0.9-3.6% (vol) 9.4 mm/stainless 9000-63,000 1
manufacturer and diluted ey + 71r0,/0.2-0.9% (vol) steel 1
Hwang et al. [93] Two steps Water + Al,05/0.01-0.3% (vol) 1.812 mm/stainless ~ 500-800 i
steel
Jung et al. [94] Two steps Water + Al,03/0.6-1.8% (vol) 50. 100 and 5-300 i
Water/ethylene—glycol + Al,O/ 66.67 pm/silicon 1
0.6-1.8% (vol)
Rea et al. [95] Obtained from Water 4+ Al,03/0.6-6% (vol) 4.5 mm/stainless 140-1888 i
manufacturer and diluted  yya¢er + Zr0,/0.32-1.32% (vol) steel 1
Anoop et al. [96] Two steps + variation of ~ Water + Al,O3/1-6% (mass) 4.75 mm/copper 550-2100 1
the pH
Amrollahi et al. Two steps Water + CNT/0.1-0.25% (mass) 11.42 mm/copper 1500-4800 i
[97]
Liu and Liao [98] Two steps + variation of ~ Water/CTAC + CNT/0.5-4% (mass) 25.6 mm/copper 5000-50,000 i
the pH
Asirvatham et al. Two steps Water + Ag/0.3-0.9% (vol) 4.3 mm/copper 1000-10,000 i
[99]
Hojjat et al. [100] Two steps Water/CMC + Al,05/0.1-1.5% (vol) 10 mm/stainless 8000-33,000 1
Water/CMC + Ti0,/0.1-1.5% (vol) steel i
Water/CMC + Cu0O/0.1-1.5% (vol) 1
Nasiri et al. [101] Two steps Water + Al,03/0.1-1.5% (vol) 9 mm/stainless steel 4000-35,000 i
Water + Ti0,/0.1-1.5% (vol) 1
Suresh et al. [102]  Two steps Water 4+ Cu0/0.1-0.3% (vol) 4.85 mm/copper 2500-6000 i
Utomo et al. [103]  Obtained from Water 4+ Al,05/2.4% (vol) 4.57 and 10 mm/ 520-1080 —
manufacturer and diluted ey + Ti0,/2.4% (vol) stainless steel 1
Godson et al. [85] Two steps Water + Ag/0.3-0.9% (vol) 4.3 mm/copper 900-12,000 1
Zhang et al. [46] Obtained from Water + Al,05/0.25- 0.77% (vol) 0.5 mm/* 5002000 1
manufacturer and diluted
Heyhat et al. [104] Two steps Water 4+ Al,03/0.1-2% (vol) 5 mm/copper 330-2200 i
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Table 1 (continued)

Authors Preparation method Base fluid + nanoparticle/¢ dp/surface material ~ Reynolds Effect on
number HTC
Peyghambarzadeh Two steps + variation of ~ Water + Cu0/0.15-0.65% (vol) 3.9 mm/Aluminum  50-1000 1
et al. [105] the pH Water + Fe,04/0.15-0.65% (vol) 1
Sahin et al. [106] Two steps Water + Al,05/0.5-4% (vol) 11.7 mm/ 4000-20,000 1
Aluminum
Azmi et al. [107] Obtained from Water + Ti0,/0.5-3% (vol) 16 mm/copper 5000-25,000 1
manufacturer and diluted ey + Si0,/0.5-3% (vol) 1
Chougule and Sahu  Two steps + variation of ~ Water + CNT/0.15-1% 5.22 mm/ 9000-26,000 1
[108] the pH Aluminum
Two steps + surfactant i
Sun et al. [109] Two steps + surfactant Water + Fe,05/0.1-0.4% 8.22 mm/copper 1000-2000 i
Karimzadehkhouei  Two steps Water + Al,03/0.01-2% (mass) 0.502 mm/stainless  289-2190 i
et al. [110] steel Re > 1500
Water + Ti0,/0.01-3% (mass) —
Re < 1500
Gomez et al. [111]  Two steps Water + CNT/0.12-0.14% (vol) 6.78 mm/Brass 3500-18,500 i
Lietal [112] Two steps Ethylene—glycol/Water 4+ Zn0O/2.5 8 mm/stainless steel 1000—4000
and 5% (mass) D =25%
!
D =5%
Akhavan-Zanjani One step + surfactant Water 4+ Graphene/0.005-0.02% 4.2 mm/copper 600-1850 i
et al. [72] (vol)
Colla et al. [113] Obtained from Water + Al,O3/1-3% (vol) 12.66 mm/stainless  4000-14,000 1
manufacturer and diluted steel
Selvam et al. [114] Two steps + surfactant Ethylene—glycol/Water 4+ Ag/ 4.3 mm/* 500-12,000 1
0.05-0.45% (vol)
Sundar et al. [115] Two steps + surfactant Water 4+ Fe;04,~CNT 18 mm/copper 3000-22,000 i
nanocomposite/0.1 and 0.3% (vol)
Zarringhalam et al.  Two steps Water + Cu0/0.0625-2% (vol) 6.15 mm/copper 2900-18,500 i
[116]
Gomez et al. [117]  Two steps Water + SWCNT/0.03, 0.05 and 6.35 mm/Brass 4500-18,500 |
0.2% (vol)
Water + Ag/0.1, 0.3 and 0.5% (vol) 6000-20,500 1
Moreira et al. [118] Two steps Water + Al,O5; (20-30 nm)/0.001, 1.1 mm/stainless 570-1900 1

0.01 and 0.1% (vol)

Water + Al,O3 (40-80 nm)/0.001,
0.01 and 0.1% (vol)

steel

1 increase;] decrease; < non-noticeable effect; * not indicated by the authors

Heat transfer behavior of nanofluids under laminar

conditions was investigated for developing [66, 88, 94, 96]
and fully developed flows [72, 91, 93, 104]. In developing
flows, nanoparticles migration can occur due to shear
gradients, thermophoresis, and Brownian motion, resulting
in a higher increase in the HTC than the thermal conduc-
tivity augmentation alone would cause [118]. In fact,
Heyhat and Kowsary [119] concluded that energy transport
due to nanoparticles migration is enough to justify the
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unexpected rises of the HTC, and Hwang et al. [93] verified
that thermophoresis and Brownian motions are the main
mechanisms responsible for particles movements, based on
dimensional analysis of nanoparticles migration in a con-
tinuous medium. Moreira et al. [118] compared their
experimental results with numeric simulation, indicating
that just the Brownian motion and thermophoresis are not
capable of promoting the increment in the HTC displayed
according to their experimental data. These authors
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indicated that some other unaccounted phenomenon related
to the dimensions of the particles could be responsible for
the heat transfer enhancement.

Interactions between base fluids and nanoparticles,
especially due to Brownian motion, were pointed as the
main reasons for unexpected growth of HTC in many
investigations [85-87, 91, 93, 98, 99, 101, 104, 108, 111,
115]. Gomez et al. [111] and Sundar et al. [115] indicate
that carbon nanotubes with high aspect ratio favor Brow-
nian movements. According to Li and Xuan [86] and Xuan
and Li [87], these random movements of nanoparticles
homogenize temperature profiles in the cross section, and
consequently increase heat transfer in regions close to the
channel walls. These authors also highlighted the impor-
tance of an adequate nanoparticles choice, in order to
promote reasonable thermal conductivity intensification
with minimum variation of viscosity. This results in
reduced turbulence suppression effects and minimum
variation of pressure drop, effects that are related to
increments of viscosity.

In addition to nanoparticles migration, Heyhat et al.
[104] and Hwang et al. [93] revealed that fluctuations of
the velocity profile could also act as a mechanism to
intensify heat transfer. Nasiri et al. [101] and Godson et al.
[85] indicated the alteration of base fluids properties due to
the addition of nanoparticles as another mechanism
responsible for enhancing heat transfer, besides Brownian
motions. Ding et al. [66] and Liu and Liao [98] evaluated
the effects of temperature and nanofluid concentration in
the HTC, and concluded that sensitivity to temperature
variations is higher than to the concentration. Referring to
Buongiorno [120] and Liu and Liao [98] explained that
temperature raises result in escalation of the Brownian
motions, thus improving heat transfer. Heris et al. [89]
observed superior augmentation of HTCs measured in
experiments with Al,03-loaded nanofluids than with CuO
nanofluids, even though nanofluids containing CuO pre-
sented higher thermal conductivity. This behavior was
attributed to the higher viscosity of CuO-loaded nanofluids.

Some researchers suggested the reduction in boundary
layer as the mechanism responsible for increments in heat
transfer, since it extends the developing length where heat
transfer is more intense [66, 88, 102, 114]. Suresh et al.
[102] related such reduction to particles movement and to
the higher thermal conductivity, which could be associated
with diminishment of Prandtl number. Ding et al. [66]
claimed that thermal conductivity of nanofluids is higher
under dynamic shear than under quiescent conditions. He
et al. [90] hypothesized that the possible migration of
particles to the center of the channel, also speculated by
Wen and Ding [88], could suppress the effects of
nanoparticles dimensions in the HTC for flows with Rey-
nolds number varying from 900 to 5900. Ding et al. [91]

also attributed to particles migration effects, reductions in
the HTC observed for ethylene—glycol nanofluids at Rey-
nolds numbers close to 135.

Maximum intensifications of the HTC along the devel-
oping region were reported by some authors
[66, 72, 80, 88, 91, 96], which corroborate the hypothesis
that the main heat transfer enhancement mechanism is
linked to changes in the thermal boundary layer due to the
presence of nanoparticles. Yang et al. [11] analyzed the
effects of distinct base fluids with similar transport prop-
erties in the HTC of single-phase flow of graphite-loaded
nanofluids. These authors identified some differences in the
heat transfer behavior of nanofluids containing the same
amount of graphite and at the same conditions, which
should be related to the interaction between particles and
the distinct fluids.

He et al. [90] investigated laminar and turbulent flows,
and noticed more prominent rising of the HTC for turbulent
flows with the addition of nanoparticles. They also stated
that even though nanoparticles dimensions may alter the
thermal conductivity, no meaningful variations were
observed in the HTC. On the other hand, Anoop et al. [96]
noted higher HTC enhancements for nanoparticles with
smaller dimensions. Willians et al. [92] and Rea et al. [95]
concluded that the HTC for turbulent and laminar flows of
nanofluids, respectively, can be adequately predicted by
correlations for pure fluids, once the transport properties of
the nanofluids are experimentally evaluated.

Differently than most authors, some researchers noticed
increases in the convective HTC that were compatible to
the observed increments in thermal conductivity
[11, 92, 95, 97, 113, 114]. On the other hand, Amrollahi
et al. [97] reported lower increments in the HTC than
expected for turbulent flows, based on their experimental
data. Few groups performing studies on single-phase
forced convection of nanofluids presented no thermal
conductivity data of the evaluated nanofluids
[46, 86, 101, 105, 109].

5 Boiling of nanofluids

Heat transfer processes involving phase change are known
to provide much higher heat transfer coefficients than
single-phase heat transfer. In addition, during phase
change, temperature variation is minimum and directly
associated with pressure variations. These two aspects turn
boiling heat transfer into interesting solutions for applica-
tions in which high heat fluxes must be dissipated and
temperature gradients are undesirable, since they promote
thermal stresses and efficiency reduction. In general, there
is no consensus among independent studies on whether the
use of nanofluids is advantageous or not, but there is an
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agreement on the role of nanoparticles in modifying sur-
face properties due to particle deposition during boiling
processes. However, the real effects of deposition are not
clear yet, and some authors have pointed it as beneficial to
increase heat transfer, while others observed deleterious
effects. In this section, the literature concerning the use of
nanofluids in boiling processes for surface nanostructuring
and the behavior of these fluids on pool and flow boiling is
discussed.

5.1 Deposition of nanoparticles and effects
on surface wettability

Nucleate boiling promotes deposition of particles on the
surface, changing its morphological characteristics and,
consequently, affecting bubble nucleation and growth.
Particles deposition is intensified around bubble nucleation
sites, close to the triple contact line, where the evaporation
is intense, causing local increases in particles concentration
as shown in Fig. 4 [121, 122]. It was speculated that these
local variations in particles concentration act in favor of
particles collisions and consequent agglomeration, trig-
gering deposition over the heated surface. A surface
characteristic that is significantly modified by particles
deposition and intimately related to nucleate boiling heat
transfer behavior is the wettability. The wettability is
associated with inundation of surface cavities; therefore, it
can be linked to the required energy for activation of
bubble nucleation sites. In general, nanoparticles deposi-
tion alters surface texture and energy [62, 123, 124],
reducing contact angle, hence increasing wettability. Such
behavior diminishes nucleate boiling heat transfer, because
this involves increments of the necessary wall superheating
for bubble nucleation. However, Souza et al. [125] revealed
that the heat transfer coefficient for HFE7100 under con-
fined and unconfined nucleate boiling on nanoparticles-

Surface evaporation

Mycrolayer evaporation
Convection & Conduction

Dr);out Mécro_layer
Region; Region

Microlayer
Region

Fig. 4 Schematic diagram of heat transfer and expansion mechanisms
during bubble growth [122]
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covered surfaces could increase or decrease in comparison
with the bare surface, depending on particles size and
surface texture. These authors argued that the deposited
layer containing 80-nm particles was thicker, with higher
thermal resistance, and that these particles could block
some cavities, reducing the number of active nucleation
sites, while 10 nm particles increased the number of active
nucleation sites, thus improving heat transfer.

Some authors verified that particles deposition affects
more significantly surface wettability than its roughness
[126—128]. In these works, substantial diminution of the
contact angle was noticed for stainless steel and aluminum
substrates after nanoparticles deposition. According to
Buongiorno [30], such behavior occurs due to capillarity
effects on the porous layer created by the deposition pro-
cess. Figure 5 shows the difference of deionized water
droplets deposited over a bare aluminum surface and over
the same plate covered by a super-wetting porous layer
produced by the deposition of alumina nanoparticles
through nucleate boiling process [128]. This figure exhibits
complete splashing of an 8 pl droplet over the coated
surface, while a static droplet with contact angle of 67° is
seen over the bare surface.

5.2 Pool boiling of nanofluids

Pool boiling of nanofluids has been extensively investi-
gated over the last decade. Table 2 presents a survey of
works regarding pool boiling of nanofluids. A major part of
these studies involved water-based nanofluids, as also seen
in Table 1 for single-phase tests, but some other base fluids
were also employed, like: R141b, R134a + polyolester,
R113 + VG68 oil, ethanol, and water + ethylene—glycol
solutions. Again, various materials were used as dispersed

Deposited
surface

‘ Water drop

Surface without
deposition

Water drop

Fig. 5 Deionized water droplets deposited on an aluminum substrate
covered by 20-30 nm Al,O; nanoparticles (a) and on a bare
aluminum surface (b)
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phase with dimensions varying from 20 to 250 nm, namely
alumina, titania, diamond, copper oxide, copper, zinc
oxide, and zirconia nanoparticles, carbon nanotubes, and
circular graphene nanosheets. Boiling occurred over
stainless steel, copper, nickel, nickel + chromium, plat-
inum, and aluminum substrates. Overall, heat transfer
behavior could not be correlated to particles dimensions,
according to results presented in this table. Also, heat
transfer intensification usually happened for nanofluids
containing less than 1% in volume of nanoparticles, and
non-spherical nanoparticles were responsible for steepest
rises in HTC values.

Among the works listed in Table 2, 37% reported that
the HTC only decreases with the addition of nanoparticles
to base fluids, and 24% documented its reduction,
enhancement, or non-noticeable effects, depending on the
conditions. Consistent increments in HTC were observed in
33% of the investigations, and 6% of the studies only
computed minor variations of the HTC [29, 130, 137].
Surface modifications due to nanoparticles deposition and
variations of the transport properties of the fluid were
pointed out as probable reasons for the occurrence of both
increments and reductions in the HTC
[62, 135, 140, 144, 145, 151, 152, 154].

It should be remarked that some authors noticed optima
volumetric concentration values, which resulted in maxi-
mum values for HTC and CHF [135, 145, 155, 159, 166].
These authors claimed that higher concentrations than the
optimum value result in decrement of the number of active
bubble nucleation sites, due to intensified deposition of
particles on the heated surface. Kwark et al. [121] identi-
fied an optimum concentration that promoted increment in
CHF with minor deterioration of the HTC. In addition,
Chopkar et al. [62] and Kedzierski [163] found highest
rises of the HTC for the lowest nanoparticle concentrations
evaluated by them, and Duangthongsuk et al. [156]
observed lowest decreases in the HTC with less concen-
trated nanofluids. Rainho Neto et al. [34] obtained similar
values of HTC for distilled water and nanofluid containing
0.02% of carbon nanotubes dispersed in water, while the
CHF for this nanofluid was enhanced by 29% if compared
to pure water. All other nanofluids studied by Rainho Neto
et al. [34] presented reductions in the HTC and increases in
the CHF, which were mainly attributed to surface wetta-
bility modifications and thermal resistance of the deposited
porous layer with vapor compartments. Suriyawong and
Wongwises [141] detected enhancements in the HTC for
nanofluids containing less than 0.0001% in volume of
dispersed phase. They claimed that the heat transfer coef-
ficient was enhanced due to thermal conductivity aug-
mentation, and that effects on bubble nucleation caused by
particle deposition were negligible at concentrations as low
as 0.0001%. In this context, Suriyawong and Wongwises

[141] suggested that high volumetric concentrations imply
on intensified particle deposition, creating an additional
thermal resistance between the heated surface and the fluid,
thus diminishing the number of active bubble nucleation
sites and deteriorating the HTC.

Various researchers attributed changes in the HTC to the
deposition of nanoparticles on the heated surface
[33, 136, 139, 142, 144, 150, 153, 155, 156, 159,
160, 164, 165, 169]. Some authors speculate that pool
boiling heat transfer of nanofluids is strongly affected by
the ratio between original surface roughness and dimen-
sions of dispersed particles [134, 171, 172]. Therefore, for
cases in which particles dimensions are comparable to
surface roughness, the deposition could fill the original
cavities and reduce the number of active bubble nucleation
sites and the heat transfer coefficient, while sedimentation
of smaller particles could just split the active nucleation
sites, thus increasing their number and the effective heat
transfer coefficient. Diao et al. [32] considered that the
enhancement caused by the existence of more nucleation
sites is greater than the deleterious effects of an additional
thermal resistance related to the deposited layer, which
results in augmentation of the HTC with the use of
nanofluids.

As already mentioned, the deposition of nanoparticles
on a surface can modify its wettability. Some authors
referred to the wettability increment, corresponding to
smaller contact angles, to justify reductions in the HTC
[31, 139, 168, 171, 173]. Although wettability augmenta-
tion may be responsible for reducing the HTC, Liu et al.
[145] indicated that the reduction in the contact angle
increases the area where the microlayer evaporation occurs
during bubble growth. According to these authors, this
secondary effect combined with the thermal conductivity
increase may enhance the effective HTC of nanofluids
compared to the pure base fluids. Sarafraz et al. [168] also
observed HTC enhancements with the addition of
nanoparticles to a base fluid, which they attributed to rises
in thermal conductivity due to nanoparticles mobility and
Brownian movements.

According to Sarafraz et al. [33], the increment in the
surface roughness and consequently, of the number of
active nucleation sites and bubble frequency, is an addi-
tional effect associated with the nanoparticles deposition
that may also contribute to the heat transfer enhancement.
Nevertheless, the deposition of nanoparticles is also indi-
cated as detrimental to the HTC. In fact, a number of
authors suggested that an additional thermal resistance is
created by nanoparticle deposition, reducing the effective
HTC [136, 139, 141, 149, 151, 157, 165, 167, 169]. In a
similar trend, authors have pointed out changes in the
surface texture as the reasons for the deterioration of the
HTC with the addition of nanoparticles to a fluid
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[27, 121, 129, 132, 157, 158, 164], but no physical
mechanisms were explored or suggested as responsible for
their conclusions.

Thermal conductivity augmentation due to the addition
of nanoparticles to a base fluid was accounted as the cause
for rises in the HTC observed by some authors
[131, 133, 147]. Wen and Ding [131] also attributed such
rises to modifications of fluid—surface interactions, but no
specific mechanism was mentioned, while Heris [147] lis-
ted the increase in the number of active bubble nucleation
sites and the larger diameter of bubble detachment for a
fixed detachment frequency as the additional mechanisms
responsible for HTC enhancements noted for nanofluids, if
compared to pure base fluids. Overall, the main reasons for
variations in HTC values found in the literature are the
deposition of nanoparticles onto the heated substrate,
which modifies the bubble nucleation process and changes
fluids transport properties, especially thermal conductivity.

5.3 Flow boiling of nanofluids

Although there are relatively few studies on flow boiling of
nanofluids compared to single-phase flow and pool boiling,
this subject has attracted much interest over the last years,
especially due to its potential to remove high heat fluxes.
Table 3 describes investigations concerning flow boiling of
nanofluids. Most flow boiling works were carried out with
water-based nanofluids, as observed for single-phase and
pool boiling investigations. However, a significant part of
studies concerning flow boiling also dealt with R141b-
based nanofluids, while some still used R113, R134a,
ethanol, or R134a + polyolester, R134a + ester, and
R600a + polyolester solutions as base fluids. Dispersed
phases composed by nanoparticles with dimensions vary-
ing from 13 to 300 nm were evaluated, and the employed
materials were Al,Os, AIN, SiC, SiO,, CuO, C-diamond,
Zn0O, Cu, Ag, and Al. Channels made of stainless steel,
copper, Pyrex, and aluminum were employed. In a similar
manner to what was observed for pool boiling, no relation
could be drawn between particle sizes or material and flow
boiling HTC. Also, as was noticed in the analysis of pool
boiling investigations, HTC enhancements are more com-
monly found for nanofluids containing less than 1% in
volume of nanoparticles. The effect of nanoparticles
geometry on the HTC was investigated only in one study.

About 55% of the studies listed in Table 3 reported only
increments on the HTC of nanofluids under flow boiling
conditions with the addition of nanoparticles. In 21% of
these investigations increase, decrease, or non-noticeable
effects on the HTC were noticed, depending on experi-
mental conditions [176, 184, 189, 193, 198, 199]. Some
authors observed only reductions in the HTC with the
addition of nanoparticles, corresponding to 14% of the

@ Springer

listed works [178, 188, 191, 194], while others (7%) did not
observe significant HTC variations [28, 32]. Yang and Liu
[180] and Dursma et al. [190] recommended 0.003 and
0.05%, respectively, as optimal volumetric concentrations
of nanoparticles, to obtain a maximum flow boiling HTC.
Finally, Lee and Mudawar [80] verified the blockage of a
microchannel with original hydraulic diameter equal to
341 pm due to deposition of nanoparticles, and therefore,
they could not evaluate the HTC. The presence of
nanoparticles in a base fluid is also responsible for
diminishing thermal instabilities, which were evaluated
through amplitudes of temperature variation on the heated
surface for steady-state conditions [179, 191]. Such
behavior was attributed to a reduction in nanofluids surface
tension, which is associated with smaller bubble detach-
ment diameters. Yu et al. [191] still mentioned that parti-
cles deposition suppresses the number of active bubble
nucleation sites, thus reducing thermal instability.

As was observed in studies concerning pool boiling,
deposition of nanoparticles on the heated surface was
indicated as responsible for changes in HTC by some
researchers [178, 186, 188, 196, 199, 200]. Abedini et al.
[178] suggested that an increment in surface wettability
caused by the deposition of nanoparticles promotes larger
bubble detachment diameters, thus reducing bubble
detachment frequency and the HTC. Sarafraz and Hormozi
[188] speculated that particles deposition reduces the
number of active bubble nucleation sites and, conse-
quently, the HTC. In another study, Sarafraz and Hormozi
[200] still attributed the diminution of the HTC to increases
in surface wettability and to the additional thermal resis-
tance of the deposited layer.

Henderson et al. [176] claimed that the decrease in the
HTC is likely owed to difficulties in obtaining
stable nanofluids. However, it should be remarked that
these authors conducted experiments for reduced vapor
qualities, up to 0.2; thus, the reduction observed by Hen-
derson et al. [176] could also be related to the suppression
of bubble nucleation caused by particles deposition, as
reported by Cieslinski and Kaczmarczyk [164] for pool
boiling of nanofluids. Some works also attributed the
enhancement of the HTC to surface modifications, but no
further discussion on the physical mechanisms was given
[186, 196]. Moreira et al. [199] performed a surface anal-
ysis for a bare microtube and for the same tube with
deposited nanoparticles, comparing the diameter of the
existent cavities on the surface with the model of Kandlikar
et al. [201] for the onset of nucleate boiling under condi-
tions of convective boiling inside microchannels. As a
result, no meaningful difference between the number of
cavities on the active range for bubble nucleation was
observed for surfaces covered by nanoparticles larger than
40 nm and the as-received channel. However, in
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Table 3 (continued)

Effect on HTC

T/

q [kW/m?|/G [kg/
m?s)/d,, [mm)]

Composition

Preparation method

Subject of study/channel

material

Authors

!

102 °C/0.001-0.1%

(vol)

100-350/200-600/

Water + Al,O3 (20-30 nm)

Two steps

HTC/stainless steel

Moreira et al. [199]

1.1

Water + Al,O3 (40-80 nm)
Water + SiO, (15 nm)

<—>andT

Water 4+ SiO, (80 nm)
Water 4+ Cu (25 nm)

CHF = critical heat flux; 1 increase; | decrease; < non-noticeable effect; *dimension of nanoparticles not informed

comparison with the bare tube, surfaces covered by
nanoparticles smaller than 30 nm presented a decrease in
the number of cavities with diameters within the range of
active bubble nucleation. Thus, Moreira et al. [199] indi-
cated that the effect of nanoparticles on the HTC depends
on the original texture of the surface and on the size of the
nanoparticles, as already pointed out for pool boiling heat
transfer. Therefore, the deposition may imply in either
increasing or decreasing of the number of active bubble
nucleation sites and, consequently, on the same behavior
for the HTC.

Some researchers investigated flow boiling of pure base
fluids in channels with the surface previously covered by
nanoparticles through a boiling process of nanofluids
[180, 184, 199]. These investigations focused on segre-
gating effects of surface modification from those associated
with the solution itself, related to the addition of
nanoparticles to the base fluid. Yang and Liu [180] and
Diao et al. [184] observed that the flow boiling HTC of the
pure fluid on nanoparticles-coated channels was higher
than on bare surfaces. They also pointed out higher HTC
values for flow boiling of the base fluid in the tube as
commercially available than for flow boiling of the
nanofluids in the same tube. Yang and Liu [180] recog-
nized that nanoparticles deposition generates an additional
thermal resistance that is detrimental to the effective HTC.
This effect was also acknowledged by Sarafaz and Hor-
mozi [197], who stated that highly conducting dispersed
phases should be employed, thus resulting in minimum
thermal resistance. Moreira et al. [199] verified no influ-
ence of the deposition on the HTC for nanoparticles larger
than 40 nm, and a reduction in the HTC for nanoparticles
smaller than 30 nm, corroborating their conclusions based
on the number of cavities on the active range for bubble
nucleation, as expressed above. A simple theoretical anal-
ysis on the effect of the additional thermal resistance cre-
ated by the deposited nanoparticles layer on the effective
HTC was also carried out by Moreira et al. [199]. From this
analysis, they noticed that the effects of the additional
thermal resistance resultant from particle deposition are not
enough to explain the deterioration of the HTC when
observed, because in general the effect of this layer on the
HTC is smaller than the usual experimental uncertainties of
the HTC estimates. Investigations of flow boiling of R141b
and water on surfaces coated by nanoparticles were,
respectively, conducted by Diao et al. [184] and Moreira
et al. [199]. These authors verified minor variations in the
HTC, as can be seen in Fig. 6, corroborating the insignif-
icance of the additional thermal resistance.

Some authors suggested that nanoparticles could have a
molecular interfacial layer on their surfaces disturbing the
flow, thus causing a reduction in the boundary layer
thickness that could be responsible for increasing the HTC

@ Springer
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[17, 175, 181, 185]. Boudouh et al. [177] indicated that
nanofluids are stirred by bubble growth and detachment,
which foments nanoparticles motion and intensify the heat
transfer. These authors also stated that increments in the
HTC of nanofluids are enhanced with increasing mass
velocities, because smaller bubbles are detached from the
wall due to the augmentation of drag effect, increasing
bubble detachment frequency and inducing nanoparticles
motion.

According to the results of Sarafraz and Hormozi [189],
which were corroborated by the data of Nikkhah et al.
[193] and Rajabnia et al. [194], under conditions prevailing
convective effects, the HTC is enhanced with the addition
of nanoparticles to a base fluid due to the thermal con-
ductivity augmentation. However, under conditions pre-
vailing nucleate boiling effects, the addition of
nanoparticles deteriorates the HTC due to the reduction in
the density of active bubble nucleation sites associated with
the nanoparticle deposition. In some investigations, incre-
ments of the HTC were related to variations of transport
properties of nanofluids in comparison with base fluids,
especially thermal conductivity and surface tension

(a) 44
Deposition of alumina dy=40-80 nm
30+
25+
—
£ !
20+
s : -
] 7
X 15 ® *n -
K
10+
5r G=200 kg/m?s ® DI-water on bare surface
q=200 kW/m? B DI-water on deposited surface
0 1 1 1
0 0.05 0.1 0.15 0.2
x[]
() 3 : : .
27 p=86 kpa 1
24+ é B
211 e ]
A
< 18} A ]
E 45] T 1
= A
= 12+ ~ B
= o 1
6l 1
3L Microchannel without deposition, ALLO3/R141b 0.01% vol. |
—a— Microchannel covered with 0.01% vol., pure R141b
0 1 1 s 1 L
0 100 200 300 400
q [kW/m?]

Fig. 6 Effect of nanoparticle deposition on the HTC. a Diao et al.
[184]; b Moreira et al. [199]

@ Springer

[180, 187, 195, 197]. Rana et al. [183] and Akhavan-Be-
habadi et al. [185] suggested that the HTC is higher for a
nanofluid than for its base fluid due to the augmentation of
the thermal conductivity promoted by the addition of
nanoparticles, similarly to what is observed for pool boil-
ing. In contrast, Bartelt et al. [174] stated that thermal
conductivity intensification alone cannot explain the aug-
mentations of up to 101% in the HTC they have obtained.

Yu et al. [191] verified that the addition of nanoparticles
to a base fluid promotes reductions in the HTC and thermal
instability effects, while Xu and Xu [179] associated HTC
magnifications to the reduction in thermal instabilities,
with suppression of intermittent dry-outs related to flow
oscillations due to thermal instabilities. For elongated
bubbles and annular flow patterns in microchannels, Xu
and Xu [179] pointed out the increment in the thermal
conductivity of the liquid film associated with the local
augmentation of the particle concentration due to the
evaporation of the base fluid as the factor responsible for
increasing the HTC.

Figure 7 depicts the effects of the variation of the
nanoparticles concentration on the HTC due to the evap-
oration process according to the correlation proposed by
Liu and Winterton [202] for fluids without particles, which
is given by the asymptotic sum of nucleate boiling and
convective effects, allowing the evaluation of each parcel
individually. Figure 7 also shows the evaluation of the
nanoparticle volumetric concentration along the evapora-
tion process. In this figure, a dispersion of copper
nanoparticles in water was considered, and the thermal
conductivity of the nanofluid was estimated according to
Nan et al. [70], the dynamic viscosity according to Ein-
stein’s model [78], and the density was calculated based on
the classical rule of mixtures. HTC results are displayed in
Fig. 7 for inlet nanoparticle volumetric concentrations of

= 60" | ]
& [ —h ¢n=001%
E [ ——h ¢n=0.1% y
E 50 - ¢|n . (] -/_’—’_—_—/hs
x [ -—-—h d)in=1 % = /
: [ ——— Dl-water y
& 400 T=t02°C ya
N [ /
= [ Ve
.| B -
é 30j /l/‘ 3 %
g 20: //'/ ,
s 7T = —4n=0.01%
2 [ — T ¢|n=0.1°/o
g 10—~ I )
32 B
S B I—
= QEmmsmamooomoooneoer - o 1,
< o 0.2 0.4 06 08

Fig. 7 Effects of vapor quality in the flow boiling HTC of
copper + water nanofluids and on the volumetric concentration of
nanoparticles in the liquid phase
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Fig. 8 Effects of vapor quality variation in convective and nucleated
boiling according to Liu and Winterton [202]

0.01, 0.1, and 1%. The HTC was calculated up to a max-
imum vapor quality of 0.8, because wall dry-out is
expected under conditions of higher vapor quality.
According to Fig. 7, the nanoparticle volumetric concen-
tration of the liquid phase presents an exponential behavior
with increasing the vapor quality. Moreover, as shown in
this figure and contrarily to the hypothesis of Xu and Xu
[179], the HTC decreases with increasing ¢ at high vapor
quality conditions, even though the nanoparticles

Behavior
of the HTC

Single-phase flow

Mechanisms pointed as responsible

Decrease*

Pool boiling

Decrease

Decrease

Flow boiling

concentration in the liquid and, consequently, its thermal
conductivity grow. It is important to highlight that such an
analysis takes into account only the effect on the liquid
properties of adding nanoparticles to a base fluid,
neglecting effects associated with modifications of the
surface texture, once that the Liu and Winterton [202]
predictive method takes into account for the nucleate
boiling the Cooper [203] correlation, which does not con-
sider surface tension and texture effects, except by the
surface roughness.

Figure 8 displays the variation with vapor quality of the
contributions to the HTC of nucleate boiling and convec-
tive effects according to the Liu and Winterton [202]
model, considering the same conditions in Fig. 7. The
contribution of nucleate boiling effect is given as the pro-
duct of the pool boiling HTC and the nucleate boiling
suppression factor, while the contribution of convective
effects consists of the product of the single-phase forced
convection HTC and the convective enhancement factor.
Figure 8 shows that nucleated boiling presents negligible
sensitivity to variations in nanofluids concentration, while
convective boiling is significantly reduced for higher con-
centrations. As the dynamic viscosity increases with
nanoparticles concentration, the Reynolds number of the
liquid phase drops, increasing the liquid film thickness, and

Velocity profile
fluctuations

for the variation in the HTC

Perturbations of the

Movement of the nanoparticles thermal boundary layep

Properties variation

(hf; kfr;00)

Thermophoresis

Surface texture modifications
(deposition)

Thermal resistance formed
by the deposited layer of
nanoparticles

Stability problems

*due to the addition of surfactants

Fig. 9 Schematic diagram of physical mechanisms related to observed variations of the HTC due to the addition of nanoparticles to base fluids,

according to the literature

@ Springer



303 Page 24 of 29

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2018) 40:303

this effect overlaps the intensification of the HTC promoted
by thermal conductivity augmentation. It should be
remarked, however, that variations of the HTC are noticed
for concentrations higher than 1%, and usually the
employed nanofluids have low volumetric concentrations,
commonly around 0.1%, but ranging from 0.00001% to
2.5%, as seen in Table 3.

6 Conclusions

This work presented a broad literature review concerning
nanofluids applied as heat transfer fluids. Based on the
present analysis, it is evident that most works are focused
on single-phase flows and pool boiling, while fewer studies
involving flow boiling can also be found. A variety of
physical mechanisms are pointed out by distinct authors as
responsible for heat transfer intensification or deterioration
obtained with the use of nanofluids compared to their base
fluids performance. Figure 9 summarizes these physical
mechanisms in a diagram and shows the corresponding
effects observed for single-phase flow, pool boiling and
flow boiling.

In general, the HTC of single-phase flow rises with the
addition of nanoparticles to a fluid, which was explained by
most authors as a result of thermal conductivity augmen-
tation and also due to nanoparticles motion. For laminar
flows, maxima values of HTC increments were observed in
the thermal developing region. The main plausible reasons
indicated by the authors as the effects of adding nanopar-
ticles to a base fluid in pool boiling HTC were: changes in
the fluid transport properties, especially thermal conduc-
tivity and surface tension; and modifications in the texture
of heated surfaces caused by nanoparticles deposition,
affecting the number of active bubble nucleation sites.
Investigations concerning flow boiling converge to similar
mechanisms to those noticed for pool boiling, i.e., variation
of transport properties and surface characteristics. Usually,
augmentations in thermal conductivity were related to an
increase in the HTC for convective dominated flow boiling,
while for nucleated boiling the changes in heat transfer
behavior are related to variations in surface texture. It is
worth noting that the addition of nanoparticles also resulted
in reduction in thermal instabilities, justified by a decrease
in the number of active bubble nucleation sites and surface
tension observed for nanofluids compared to the base fluid.
As a final comment, it should be remarked that even though
many authors indicate that particle deposition affects the
number of active bubble nucleation sites, there is a lack of
detailed analysis regarding surface textures prior and after
boiling and bubble nucleation criteria.
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