Renewable and Sustainable Energy Reviews 94 (2018) 931-944

Contents lists available at ScienceDirect

Renewable and Sustainable Energy Reviews

journal homepage: www.elsevier.com/locate/rser

Current trends in surface tension and wetting behavior of nanofluids )

Check for
updates

Patrice Estellé™*, David Cabaleiro™, Gawel Zyta’, Luis Lugo”, S.M. Sohel Murshed®"

2 LGCGM, Matériaux et Thermo-Rhéologie, Université Rennes 1, 35704 Rennes Cedex 7, France

® Dpto. Fisica Aplicada, Facultade de Ciencias, Universidade de Vigo, 36310 Vigo, Spain

€ National Research Council, Institute of Construction Technologies, Corso Satti Uniti 4, 35127 Padova, Italy

9 Department of Physics and Medical Engineering, Rzeszow University of Technology, Rzeszow, Poland

€ Centro de Quimica Estrutural, Faculdad de Ciéncias, Universidad de Lisboa, 1749-016 Lisboa, Portugal

f Centre for Innovation, Technology and Policy Research, Instituto Superior Técnico, Universidade de Lisboa, 1049-001 Lisboa, Portugal

ARTICLE INFO ABSTRACT

Nanofluids are recent nanomaterials with improved thermophysical properties that could enhance the efficiency
and reliability of heat transfer systems. Relevant properties for heat transfer calculation, thin film flows, droplet
impingements or microfluidic are surface tension and wettability. However, to date, the understanding of those
properties in nanofluids field is at the beginning compared to transport properties. At this stage, this review focus
on the effect of nanoparticles and base fluid nature, temperature, use of surfactant, nanoparticle concentration,
size and shape as well on the surface tension and wettability of nanofluids. After the presentation of heat transfer
processes involving the influence of surface tension and wettability, this paper is organized according to the
nature of the nanoparticles dealing with oxide, carbon-based and metallic nanofluids as well as unusual or less
considered nature of nanoparticles. The factors affecting the surface tension of nanofluids are relatively well
identified, but concentration and surfactant effects present some inconsistent outcomes. In any case, the dis-
persion of nanoparticles have an effect on the surface tension of base fluid significantly lower than that on
transport properties. Based on results available in the literature and existing empirical correlations, a compre-
hensive assessment, challenges and future works are suggested.
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1. Introduction

The surface tension (ST) of thermal fluids is of great importance
when analyzing the performance of thermal systems since this physical
property influences the surface wettability and bubble growth. Hence,
ST is, together with the vaporization latent heat and the density dif-
ference between liquid and vapor phases, the most important para-
meters in order to describe boiling and condensation processes [1].

In a non-dimensional analysis of boiling heat transfer flows, ST
appears in the Bond number (Bo), which represents the ratio of the
buoyancy forces to the surface tension forces. If the Bo value is high, the
working fluid is supposed to boil vigorously [2]. Hence, a reduction in
ST is expected to enhance the boiling flow heat transfer performance.
ST is also present in most of the correlations proposed in literature for
nucleate pool boiling [3], particularly at critical heat flux conditions
[4,5]. According to these equations, nucleate boiling heat flux can be
enhanced by reducing surface tension [6]. Regarding external forced
boiling such as in a fire tube boiler, Lienhard and Eichhorn [7] devel-
oped expressions for low and high velocity flows. In both situations, a
reduction in ST leads to an increase in Weber number and a diminution
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of convective heat flux [6]. Recently, Fang et al. [8] and Ciloglu and
Bolukbasi [9] reviewed main literature outcomes concerning nanofluid
performance under flow boiling the former and nucleate boiling the
later. Both works underline the importance of ST to understand flow
patterns and bubble dynamics under boiling. Authors such as Vafei
et al. [10] pointed out that the addition of nanoparticles can play even a
double role. Thus, suspended particles modify bubble dynamics sig-
nificantly by varying contact angles, departure bubble volume, and
frequency, while nanoparticle deposited on the heating surface modify
surface wettability and reduce thermal resistance of evaporator and
condenser.

Heat pipes are heat-transfer devices currently used in cooling
management of electronics and computers. These capillary structures
consist of a tube closed at both ends that combines the principles of
high thermal conductivity and phase transition to effectively transfer
thermal energy between two solid interfaces when subjected to a
temperature difference [11]. The capillary effect consequence of the
surface tension of the working fluid can lead to a liquid transference
from the condenser to evaporator, which in turn can influence the in-
crease in thermal performance of heat pipes. Correlations for predicting
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Nomenclature
Abbreviations
ST Surface tension
IT Interfacial tension
w Wetting behavior or Wettability
CA Contact Angle
CMC Critical micelle concentration
CTAB Cetyltrimethyl ammonium bromide
DIW Distilled water
DG Diethylene glycol
DTAB Dodecyltrimethyl-ammonium bromide
EG Ethylene glycol
G Graphene
GO Graphene oxide

PDMS  Polydimethylsiloxane

PEG Polyethylene glycol

PTFE Polytetrafluoroethylene

PVP Polyvinylpyrrolidone

SDS Sodium dodecyl sulfate

SDBS Sodium dodecyl benzene sulfonate
T Temperature

TEG Triethylene glycol

¢ Nanoparticle loading (in wt%, vol%, g/1 or ppm)
Y Surface tension

np nanoparticle

bf base fluid

nf nanofluid

1 Increase

| Decrease

— Constant

the heat transfer of heat pipes such as that proposed by Kim and Pe-
terson [12] require the knowledge of surface tension. There, Weber
number is used to explain the counter-current interactions between free
surface of liquid film and vapor flows inside the operating heat pipe,
and provides a convenient measure of the likelihood of liquid entrain-
ment [2].

Two-phase closed thermosiphons (TPCT) are thermodynamically
similar to wicked heat pipes with gravity-assisted liquid-vapor flows.
The maximum heat flux inside the evaporator of a thermosiphon can be
expressed in a dimensionless way through Kutateladze number [13],
which is usually correlated as a function of Bond number [2,14]. Like
with the rest of heat pipes, the main research areas to enhance the
performance of TPCTs are focused on the necessity of a better wick
development to minimize entrainment and optimizing the fluid design
[2]. In this sense, it is well known that reductions in ST can improve
TPCT performance [15]. Liu and Li [16] and Gupta et al. [17] reviewed

Table 1
Thermal configurations and applications involving surface tension influence.

and summarized previous research on heat pipes using nanofluids as
working fluids. The majority of nanofluid studies showed a reduction in
thermal resistance of heat pipes and thermosiphons with the addition of
nanoparticles to the working fluid. Most authors attributed improve-
ments in thermal performance and operating range to modifications in
thermal conductivity but also in surface tension, liquid density and
latent heat of vaporization.

In recent years, microfluidics and minifluidics have raised in-
creasing attention in heat transfer field due to current trend towards
component miniaturization in a wide range of industrial applications.
In particular, flow boiling in microchannels has been proposed as a
promising cooling method, due to the possibility of achieving very high
heat transfer rates with small variations in the surface temperature
[18]. According to the classification proposed by Cheng et al. [19] for
two-phase channels, Bond number must be below 0.05 for the flow
system to be considered as microchannel. These low Bo values indicate

Type of heat and mass
transfer application

Main heat and mass transfer governing equations depending on surface tension

Influence of
surface tension

Parameter involving the
surface tension

Boiling heat transfer

Heat transfer coefficient (h) Bo 1 and h 1 if

. -g-(0) — pv,)-L3 - AT, (o] — p,)-[2
Nu= :f[%f” =St = T:?B" = M and Bond number (Bo) [1] ST |
Where Nusselt (Nu), Prandl (Pr), Jacob (Ja) and Bond (Bo) numbers depend on the characteristic
length (L), thermal conductivity (k), density (p), viscosity (u), isobaric heat capacity (c,), excess
temperature (AT), latent heat of vaporization (hg,), surface tension (y) and acceleration due to
gravity (g). Subscripts stand for liquid (1) and vapor (v).
Nucleate pool boiling, o — 12 ( ¢ a7\ Critical heat flux for q"1
- "= g E@P Y[ pAT - " .
Critical heat flux q = Wiyg ( y ) (Cs \f'hfg‘P’I") nucleate boiling (q") [4,5] if ST |
Where Cg coefficient and n exponent depend on the solid-liquid combination.
1/4
q:nax = C‘hfg'pv'(%;m)
Py
Where C is a constant depending on heated surface geometry.
External flow convection . q;nax 1 4 \1/3 Critical heat flux for We 1 and q" |
Low velocity: ovhigV = ;'(H'(TBD) ] external convection boiling  if ST |,
- )l ) pll2 (q") and Weber number
High velocity: pv;'l‘f‘;’fv = 169‘f” 19_2~7r-:Vel 7 (We) [7]
Where We= (p,'V2D)/y is the Weber number, V is the liquid velocity and D is the diameter.
Flow boiling in 7 2 b o Kandlikar (K,) and Ca
Microchannels K; = (%) ot Ca = o capillary number (Ca) [23]  if ST |
Heat pipes - a2 1i6s 0744 [ A Y050 (D076 Weber number (We) [12] We 1
Ceritical = = = = 10 “Nyi (‘Tl) (?2) if ST |
Where z is a dimension characterising the vapor liquid surface, v is the vapor velocity, Ny; is the
dimensionless viscosity number, A, is the critical wavelength, d; is the mesh wire spacing, d, is the
wire thickness and Dy, is the equivalent diameter of the vapor space.
Thermosiphons "= eo Maximum heat flux (qco) Ku 1, Qeo |
(@hpyp> (g (o — 1)) and Kutateladze number if ST |

(Ku) [13]
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that gravity effects can be generally ignored in microfluidics [20].
Despite Reynolds (Re) number being the most important dimensionless
number in fluid dynamics, Re is not expected to play an important role
in microfluidics since inertial forces are considerably lower than viscous
forces in this kind of systems. Similarly, Weber number is not practical
either to describe flow behavior in microchannels since We < 1 when
the flow geometry is downscale in the micron range. The relative
strength between viscous and surface tension forces can be expressed
through the capillary number, Ca [21]. Thus, low Ca values indicate a
predominance of interfacial tension, while the contrary happens for
high Ca numbers. Non-mechanical pumping methods such as thermo-
capillary and electrocapillary are examples of tension-driven flows in
microchannels [22]. Another dimensionless number, which represents
the ratio of evaporation momentum to surface tensions forces at the
liquid-vapor interface was developed by Kandlikar [23] to model in-
terface motion such as in critical heat flux at the microscale.

Finally, fluids surface tension is also important in analyzing fluids
and thin film flows, droplet impingements as well as spray cooling
technologies [24]. Based on our analysis reported above, governing
equations of heat and mass transfer processes involving surface tension
are gathered in Table 1, in which general information about how ST
influences heat transfer performance is also provided.

Owing the importance of surface tension in the field of nanofluids,
emerging as promising advanced heat transfer fluids, investigation of
ST property of these materials is at the early stage compared to trans-
port properties such as thermal conductivity or viscosity [25,26]. At
this stage, the main purpose of this paper is to present an overview of
research development on surface tension (ST) of nanofluids. In addi-
tion, as boiling phenomena of nanofluids can also induce the mod-
ification of surface properties, main results about wetting behavior or
wettability (W) of nanofluids are also included in this study.

The techniques used for the measurement of ST and W of nanofluids
are similar to the ones developed and exploited for common liquids.
Hence, the reader can refer to [27] for the description of techniques
used for ST evaluation, their limitations and theoretical analysis for the
evaluation of these properties. As a reminder, these techniques are
shown in Fig. 1 [28]. With regards to W, this property is generally
addressed from contact angle measurement largely operated in the
literature. It should be noted that the techniques used are also generally
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described, at least partially, in the literature articles reviewed in this
study.

Consequently, this review will focus specifically on the effect of
nanoparticle nature, size, shape, concentration, and the influence of
base fluid, surfactant content, and temperature on ST and W properties
of nanofluids. In addition, some correlations developed or used for ST of
nanofluids will be presented. Finally, challenges and future works
dedicated to ST and wettability of nanofluids are also suggested.

2. Oxide nanofluids

Various types of oxide nanofluids are used by the researchers for
studying their ST and W. In addition to the following description of ST
and W studies of oxide nanofluids, details are also provided in Tables
2-5 considering respectively Al,Os, TiO,, SiO», and CuO, ZnO, MgO
and other oxide nanofluids.

2.1. Al,03 nanofluids

As for thermal and rheological characteristics, Al;O3 nanofluids are
the most studied nanofluids with regards to their ST properties. First
study considering this property was performed in 2003 by Das et al.
[29]. It was motivated by the possible ST influence on pool boiling
process. Commercial nanoparticles with volume weighted average size
of 38 nm were dispersed in water avoiding the use of surfactant in the
range 0-4% in volume fraction. ST of Al,O3 nanofluids, which was
measured from conventional ring method at ambient temperature, was
shown to be quite constant with nanoparticle concentration and very
close to ST of water.

With the same motivation, influence of nanofluids on surface
wettability improvement during pool boiling was investigated by
Coursey and Kim [30]. Water and ethanol based nanofluids were stu-
died by the authors, nanofluids being obtained by the dilution with base
fluid of commercial solution with unknown quantity of surfactant.
Diameter of commercial Al,O; nanoparticles was 45 nm. Range of na-
noparticle content was 0.001-10.02 g/1 and 0.026-1.02 g/1 for ethanol
and water, respectively. Contact angle (CA) of pure fluids and nano-
fluids was measured before and after boiling phenomena considering
also the degree of surface oxidation. They reported that poorly wetting

T
Fapittary ] l
d h llp
(\ wlv — —— Ta
_4
- - p
Wilhelmy plate Maximum bubble pressure Spinning drop
k
RA
2
h
Du Nouy Ring Capillary rise Pendant drop

Fig. 1. Main techniques generally used for ST measurement of liquids and nanofluids, extracted from [27].
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Table 4
Main informations related to ST and W behavior of SiO, nanofluids.
Reference Nanoparticles Base fluid Surfactant Dispersion method  Measuring Temperature Main
Technique range results
Size (shape) Concentration
Bhuiyan et al. 5-15nm, 0-0.25 vol% Distilled water No surfactant Vibration shaker and Du-Noiiy ring 30-50°C ST 1 with
[36] 10-20 nm ultrasonic method ¢; ST |
homogenizer with T
Bhuiyan et al. 5-15nm 0-0.25 vol% Methanol No surfactant Vibration shaker and Du-Noiiy ring 30-50°C ST 1 with
[43] ultrasonic method ¢; ST |
homogenizer with T
Chinnam 20nm, 30nm  0-6 vol% PG+ W (60 +40 w/w) Not indicated Diluted from parent Du Nouy 30-70°C ST | with
etal. [6] (spherical) type or ionic sample, ultrasonic maximum pull ¢; ST |
nature (< 1%) bath and probe force method with T
Luetal. [42] 20nm 1 vol% (also 0.5 vol PDMS100, PDMS500,  No surfactant Ultrasonic bath Wilhelmy plate 20°C ST 1 with ¢

% for PDMS500) PDMS1000, PEG200,

PEG400

method

temperature whatever the concentration and nanoparticle average
diameter. A slight increase of ST with nanoparticle content was also
noticed with higher value than base fluid.

Finally, very recently, a comprehensive report about ST of several
nanofluids including Al,O3 nanoparticle with diameter of 20 nm was
presented by Harikrishnan et al. [37]. ST of Al,O3 water based nano-
fluids with contents of CTAB of 0, 0.5 and 1 CMC was measured from
pendant drop method at 30°C and reported to increase with nano-
particle content in the range 0.1-2.5 in wt%, with higher value than
water.

2.2. TiO nanofluids

ST of water-based TiO, nanofluid with 0.1% in vol. and nano-
particle diameter of 15 nm was measured by Murshed et al. [38]. Using
weight-based technique, they reported the decrease of nanofluid ST
with the increase in temperature within the range 25-55 °C with similar
trend than water. They also showed that ST of water is lowered by the
presence of nanoparticles. Both phenomena were attributed to the ad-
sorption of nanoparticles at the interface, with similar action of ST
reduction as surfactant, and intensification of Brownian motion with
temperature leading to the reduction of cohesive energy. In addition,
they also evaluated interfacial tension between water/nanofluids and
oil from equation developed by [39]. Nanofluid presented a smaller IT
in oil compared with water, and IT is also shown to decrease with
temperature.

Water-based TiO, nanofluids with same nanoparticle diameter were
later studied by Radiom et al. [40] considering a wide range of nano-
particle content, between 0.05% and 2% in volume. They also in-
vestigated the influence of oleic acid used as surfactant to stabilize the
nanoparticle within water. ST of these nanofluids was obtained from
the pendant drop method, while the sessile drop method on borosilicate
glass sides was used to evaluate the contact angle of nanofluids. Like in
Murshed et al. [38], similar trends were reported and explained by
same arguments. In addition, surfactant concentration was shown to be
more influent than nanoparticle content with regards of ST decrease.
Finally, contact angle was shown to increase with nanoparticle con-
centration. This behavior was attributed to coupled mechanisms such as
solid-liquid interface modification by the adsorption of nanoparticle at
solid surface and wetting reduction due to the diminution of particles in
wedge film under possible nanoparticle agglomeration at high particle
content.

ST of TiO, nanoparticles dispersed in water was experimentally
measured in [41]. The authors investigated in particular the influence
of nanoparticle size between around 135nm and 380 nm, which was
varied by chemical treatment. As previously, ST is reduced with the
presence of nanoparticles in comparison to pure water. However, ST
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first increases with nanoparticle content in the range 0.8-16 mg/1, then
ST decreases up to 20 mg/1. At fixed concentration of 0.8 mg/l, ST is
shown to mainly increase with nanoparticle size with a plateau for
nanoparticle diameter between 180 and 340 nm. Concentration and
size effects of these TiO, nanofluids on wetting behavior of polytetra-
fluoroethylene (PTFE) and glass surfaces was also reported in this
study. Contact angle decreases on PTFE with particle content and dia-
meter. A more complex behavior was reported for contact angle on
glass: it first increases with nanoparticle diameter up to 250 nm then
decreases. Contact angle increases at 0.8 mg/l, then decreases up to
8 mg/l and finally increases again up to 20 mg/1.

Dynamic wetting and contact angle of different nanofluids con-
sidering TiO, as well (20 nm in diameter; 1% in vol.) were measured by
Lu et al. [42] at 25°C using the droplet spreading method. They re-
ported in particular the influence of nanoparticle loading and diameter,
base fluid, such as PDMS and PEG, and nature of the substrate. ST of
TiO5 nanofluids does not change over time whatever the base fluid. For
a broader context, it was shown that dynamic wetting is lowered by
nanoparticle content which enhances the ST of nanofluids. A New-
tonian-like dynamic wetting behavior was observed by the authors and
bulk dissipation was considered to be responsible of dynamic wetting of
nanofluids.

The influence of TiO, nanoparticle (21 nm) content on ST of water-
based nanofluids was investigated in [43] from Du-Noiiy ring method in
temperature range 30-50 °C and content 0.05-0.25 vol%. ST was shown
to increase with nanoparticle loading and to decrease with temperature.
This last trend is linked to the reduction of intermolecular forces due to
the enhancement of kinetic energy between molecules. Higher increases
with nanoparticle loading were reported for TiO, than for Al,O3 and
SiO, nanofluids, which was attributed to change in bulk density of used
nanoparticles.

TiO, nanoparticles of 15nm in diameter were considered in [6]
where the effect of concentration and temperature was also analyzed.
Base fluid was PG/W (60:40 in mass) and ST was experimentally ob-
tained from maximum pull force method. The authors observed a linear
decrease of TiO» nanofluid ST in the temperature range 30-70 °C, ST
being also reduced in comparison to base fluid when nanoparticle
content is increased.

More recently, Saptoro et al. [44] explored the effect of microwave
irradiation to modify the ST of water nanofluids containing TiO na-
noparticles of 7 nm in diameter. Surface tension was determined from
drop shape analysis, in the range 20-100 °C and mass fraction between
0.1% and 1%. ST values are first increased with microwave treatment.
However, after irradiation, final values are found lower than the initial
ones.
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2.3. SiO, nanofluids

To a smaller extend, very few studies reported ST of SiO, nano-
fluids. The effect of SiO, nanoparticle content and size (5-15nm and
10-20 nm) on this property was investigated by Bhuiyan et al. [36]
considering water as base fluid. Experiments were performed using Du-
Noiiy ring method. The authors evidenced that ST of nanofluids in-
creases with nanoparticle volume fraction in the range 0.05-0.25%,
with higher value than base fluid, and decreases linearly with tem-
perature rise between 30 and 50 °C. In comparison to Al,O3; and TiO,
nanoparticle at same content, ST of SiO» nanofluids is lower because of
the difference in bulk density. They also showed that ST is lowered by
nanoparticles with smaller size. Similar effects of temperature and na-
noparticle content were presented for smaller size of SiO, nanoparticles
dispersed in methanol as base fluid [45].

The influence of SiO, nanoparticle content and average size (20 nm
and 30 nm) on nanofluids ST was also studied by Chinnam et al. [6]
from maximum pull force method. Here, nanofluids with required vo-
lume fractions were produced by the dilution of parent nanofluids with
base fluid, which consists of a mixture of PG and W with the mass ratio
60:40. As for all nanofluids they studied, the authors evidenced the
linear decrease of SiO, nanofluids ST with temperature for all tested
concentration 0-6% in volume. A linear decrease of SiO, nanofluids ST
with volume content was also reported. ST is also lowered with smaller
nanoparticles.

2.4. Other oxide nanofluids

Commercial aqueous nanofluid containing CuO nanoparticles with a
mean diameter of 30 nm was investigated by Pantzali et al. [46]. Na-
nofluids with concentration range between 2% and 8% in volume were
prepared from dilution of initial suspension with distilled water. Their
ST was measured using pendant drop method at 25 °C and was shown to
decrease with nanoparticle loading. The authors also attributed the low
value of nanofluid ST in comparison to water to the possible presence of
surfactant as stabilizer in the commercial suspension.

ST of ZnO/EG nanofluids was evaluated from the ring method by
Moosavi et al. [47]. Mean particle size of ZnO nanoparticles was re-
ported to be around 67 nm. In the range 1-3% in volume fraction, ST of
nanofluids was shown to increase with nanoparticle content. A max-
imum enhancement of 7% in ST compared to EG was reported for the
highest concentration.

Recently, a comprehensive report about ST of oxide nanofluids was
presented in [37]. In this well detailed study, several types of oxide
nanopowders with different morphologies were considered, CuO with
oblate shape and average size of 30 nm, MgO disks with variable sizes
between 100 and 150 nm, and ZnO with hexagonal structure and average
size of 50 nm. The nanoparticles were dispersed in water, known as polar
solvent, with and without surfactants, varying also their nature and
content. Pendant drop experiments were performed at 30°C to in-
vestigate ST of nanocolloids considering the sole effect of nanoparticle
and surfactant content and combined effect of these two parameters.
First, they showed that ST of water is increased with nanoparticle content
and that ST is also governed by nanoparticle morphology. Enhancement
in ST is therefore attributed to the interaction between particle and fluid
molecules, which strengthens with high nanoparticle volume ratio. Pre-
sence of surfactant decreases ST value of water up to CMC. Most inter-
esting is the combined effect of surfactant and nanoparticle which leads
to the decrease of water ST. The higher the content in both nanoparticle
and surfactant, the higher is the reduction in ST. This trend was ex-
plained and modeled by the authors with the help of Gibbs adsorption
theory. It should be finally pointed out that no clear effect of surfactant
and CuO nanoparticle content on ST of nanofluids was noticed by the
authors using weakly polar base fluid such as EG and glycerol. Similar
conclusions about the role of base fluid and presence of surfactant were
also obtained by the same authors with Bi,Os.
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Same group of authors investigated also W of same nanofluids, e.g.,
Zn0O, CuO and Bi,03 in [48] with consideration of nanoparticle loading
and both nature and roughness of substrate. They showed that CA of
nanofluids mainly decreases with nanoparticle concentration for alu-
minum and copper substrates. Opposite effect was reported for silicon
and glass substrates. With the addition of surfactant, it was shown that
CA mainly decreases with nanoparticle concentration whatever the
substrate, evidencing the dominant role of surfactant in wettability.

Fe,O3; water-based nanofluids were also investigated in [49]. The
authors showed that surface tension of nanofluids remains constant
with nanoparticle concentration, without dissociating the effect of
particles alone, as without PVP nanofluids was not stable. Same nature
of nanoparticles were also studied by Saptoro et al. [44], water being
used as base fluid. They focused on the effect of microwave irradiation
treatment on surface tension of nanofluids, measured from pendant
drop method, considering the influence of nanoparticle loading, mi-
crowave power and duration. They demonstrated that ST of Fe,Os
nanofluids is lowered by microwave treatment increase in power and
duration.

3. Carbon-based nanofluids

Main results of surface tension and wettability of carbon-based na-
nofluids are presented in the following, while details about these stu-
dies are summarized in Tables 6 and 7. This section is divided in two
parts considering nanotubes and graphene flakes or nanoplatelets, re-
spectively.

3.1. Nanotubes-based nanofluids

ST and contact angle measurements of acid-treated carbon nano-
tubes dispersed in water without surfactant were reported by Xue et al.
[50]. Experiments were performed from bubble pressure method and
sessile drop method, by the deposition of droplets on sheet of copper
used in heat pipe, for nanotube volume concentration of 1%. Presence
of nanotubes increases ST of water up to 13.5% and ST of nanofluid
decreases within the temperature range 298.15-343.15 K. It was also
shown that nanotubes increase CA values and these are sensitive to
drop size.

Effect of chemical treatment and surfactant (SDBS) in the dispersion
of SWCNTs in water and surface tension of resulting nanofluids were
investigated by Kumar and Milanova [51], and Murshed et al. [52]. A
concentration of 0.1% in volume was considered by the authors and
bubble pressure method was used. They showed that surfactant content
increase within water reduces ST. For nanofluids, ST is quite constant
for low content in surfactant which is mainly adsorbed at nanotube
surface and serves as stabilizer. However, after surfactant concentration
overcomes a critical value, ST decreases because of the excess of sur-
factant molecules in water. Interestingly, decrease of nanofluid ST with
surfactant content was correlated to the increase of heat flux during
pool boiling.

Pendant drop method was exploited by Tanvir and Qiao [34] to
measure the ST of MWCNTs with average dimensions of 8-15nm in
diameter and 10-50 um in length dispersed in water and ethanol re-
spectively without the help of surfactant. A concentration range be-
tween 0.1% and 10% in mass content was studied and measurements
were done at ambient temperature. It was found that ST of water-based
nanofluids increase with nanotube mass content. For ethanol-based
nanofluids, ST slightly decreases up to 2 wt%, then ST is increased with
nanoparticle content.

A well detailed study about the influence of nanofluid stability and
stabilization methods used for the production of functionalized
MWCNT nanofluids on their wettability and ST was recently reported
by Karthikeyan et al. [53]. Water and ethanol were used as base fluids,
ST properties were obtained from pendant drop method at ambient
temperature. They highlighted that ST of well-stable nanofluids does
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not depend on nanotube content for water, and starts only to increase . g gl
from a critical value of 500 ppm with ethanol as base fluid. Wetting g = 9 P
behavior of non-functionalized MWCNTs dispersed in water depends on b £ § @ g
the use of surfactant. Contact angle of nanofluids on silicon surface is é E ° - 2 ] % A
modified with the presence of agglomerates within unstable nanofluids, g % § ZE’ 5 2 z g §
while contact angle is more affected by the presence of surfactant than @ § E‘ = E z g 5 % ‘9
nanoparticle content with stable nanofluids (Table 8). g .E: Z’ _§ €2 =5 ; g § g g
3.2. Graphene-based nanofluids g E B K 2E é S 5 =5 & 5 g
. ] ] [} ] [} [}

As for nanotubes, few data for ST of graphene-based nanofluids are E 5 8 5 & 3
available in the literature. First study related to surface tension of 2 i i % i i % g
graphene-based nanofluid was reported by Zheng [54]. This author g £ E & & & g =
investigated the influence of nanoparticle size ranging from 14 to 80 nm % g é o X é % é % % %
(mentioned as a diameter in his work), nanoparticle weight content 38 g g & S & & g s 2
from 0.06% to 0.1% and temperature between 293 and 333.15K. It )
should be noted that information related to graphene oxide type used in g % P ;8;
the study and experimental procedure for nanoparticle dispersion = % %’ kS
within water to produce nanofluids were not detailed by the author. ST ° g 2 s 2
measurements were performed by using the ring method, experimental g :é é 5 :é § ;é é é % ‘g
device being calibrated with water with a maximum relative deviation % g g g e E g g g &
of 1.2%. As a result, it was mainly reported that ST of water-based *:-"O § 2 E & 2 & & g £ %
graphene oxide nanofluids increase with nanoparticle content, with a £ < E; § R g 2 3 T 8 % g
maximum enhancement of 2.98% in comparison to water for 0.1% in § 5 2 & g E o 5 5 ~§ g g g
wt. content. ST was decreased when the temperature rises and when the g E a8 s’% S &E g E &‘5 &E’ EE §
nanoparticle size is reduced. Finally, ST reduction rate with tempera-
ture was lowered by the presence of nanoparticles. 3 .. g s 8 8

Later, Kamatchi et al. [55] measured the ST of reduced graphene é ki ‘§ E % g £ g g g
oxide (rGO) dispersed in water without surfactant considering the effect g E s S8
of nanoparticle concentrations (0.01, 0.1 and 0.3 g/1) and temperatures g Tsd % £ g E § E e E§
from 308.15 to 348.15 K. These ST measurements were obtained with a 2 28 o3 8 g & g ¢ g g2
bubble pressure tensiometer with an accuracy of 0.1%. rGO was pro- a £RS+E 5 5 5 5 5 52
duced by the reduction of commercial graphite from the modified s . < =
Hummer method. ST of nanofluids is higher than the one of water and % ﬁ B E
was shown to increase with nanoparticle content. This trend was at- c g 2. =
tributed to the increase in surface energy due to displacement and ac- % 2 % ;
cumulation of rGO nanoflakes at liquid-gas interface. A decrease in ST g & ?g g 2 §% _= T
of nanofluids with temperature was also observed. In addition to ST, the § ‘5 éo o ‘g '% 'é ‘§ ? § % ‘5 '%
authors reported also the effect of boiling on wettability of copper E 5 Eg 5 E E 5 £z R
surface with same nanofluids from contact angle measurement with :;-'; 2 z g2 g é 2 3552 §
sessile drop method. They showed that CA of nanofluids is increased 5
with nanoflake concentration and, unlike water, CA is higher after g B 8
boiling process. 2 é E o s £

The dependence of volume concentration (0.05-0.15%) and tem- u:-, E g 5 T% T% T% § T% % é
perature (10-90 °C) on ST of graphene-water nanofluids was also re- 3 é ‘g ; 2 § E E E s g é -g
cently investigated by Ahammed et al. [56]. Commercial graphene with E = =
1-5 nm of thickness was here used and dispersed in water using SDSB as §
surfactant with content of 5% of each tested nanoparticle volume g §§
content. Measurements were performed with a bubble pressure device g -5 o
under an accuracy of 2%. The authors showed that ST of nanofluids E S| 3E <
both decreases with nanoparticle content and temperature. These § g ;\f ;é S s = ¥ F g =
trends were explained, respectively, by the enhancement of nano- 2 "g’ 2z Z @ 5 5 2 2 z ®
particle absorption at liquid-gas interface as graphene is hydrophobic, i;: S|gs E g uo? 2 E ; E, 3
and by the molecular attraction reduction between fluid molecules and "; - o
nanoparticles. The reduction rate in temperature was reported to be - ? gz
around 3.3% for each 10 °C increase. It should be mentioned that the 8 E E ;é % é g
sole effect of surfactant on ST of water was not studied by the authors. % ;f ‘5’ S E g g ?Ej jE: E § g 5
Therefore, the previous results include combined effects of surfactant g g & SI g3 & S S ® = i
and nanoparticles. gl g g

Lastly, Cabaleiro et al. [57] investigated the effect of nanoparticle o S| 2l & z2 2 =2 =2 = o 3
loading and graphene functionalization on surface tension of graphene é _ o o o
aqueous nanofluids. GO and two different reduced GO at six nano- k= g = S o g, g, g, B
particle volume fractions ranging from 0.0005% to 0.1% were studied. g Y = E 2 ; _ g _B_B_ 2B _=
Surface tension measurements were carried out at room temperature wE| B i g s g8 es g & ; & g N
from the pendant drop technique. It was observed that surface tension % £ ‘;3 _5" 8 ; E E E E E §
decreases with graphene loading for all nanofluids, with a maximum S
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Table 9

Main informations related to ST and W behavior of less used nanofluids.

Main results

Temperature

Measuring technique
range

Dispersion
method

Surfactant

Base fluid

Nanoparticles

Reference

Concentration

Size (shape)

Type

STpe < STye but ST 1

with ¢

Room temperature

Pendant drop method

Not mentioned

No surfactant

Deionized
water

Laponite diameter: 25-30 nm, 0-2 wt%

Chen et al. [49]

thickness: 1-2 nm,

(disk)

10-70°C ST 1 with ¢ ST | with T

Du Noiiy ring method

Carboxymethyl cellulose sodium  Ultrasonic bath

14.2nm 0-1 wt% Water

FeC

Huminic et al.

and probe

Carboxymethyl cellulose sodium  Ultrasonic bath

salt, CMCNa (3 g/1)
salt, CMCNa (3-10g/1)

[15]

Huminic et al.

20-50°C ST | with ¢ ST | with T

Du Noiiy ring method

Distilled water

0-1 wt%

25nm

SiC

and probe
Ultrasonic

[61]
Vafei et al. [62]

CA 1 with ¢ up to 1.98
10~ g/g then |

Not mentioned

Prediction from contact angle

Isooctane/bis-(2-ethylhexyl)-

Deionized
water

3.1107°-3.210 % g/g

2.5nm, 10.4 nm

BiyTes

measurements by solving Laplace-

Young Eq.

homogenize

sulfosuccinate, AOT, used for

synthesis

Zyta et al. [63]

293.15K ST slightly 1 with ¢

Pendant drop technique

Ultrasonic bath

Ethylene No surfactant

glycol

1-5wt% (0.22-1.11 vol%)

20 nm, 50 nm

TiN
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reduction of about 3% for the highest volume fraction of 0.1 vol%.
However, no clear effect of the chemical reduction on ST of nanofluids
was observed.

4. Metallic nanofluids (Au, Ag, Al, B)

Different metallic nanofluids were also considered in some studies,
the results are discussed here and compiled in Table 7. Chen et al. [49]
analyzed the time dependence of surface tension for aqueous nanofluids
prepared using nanoparticle loadings between 0.1 and 2 wt% of lapo-
nite disks (diameter 25-30 nm and thickness 1-2 nm) and 0.04 wt% of
spherical silver nanoparticles (diameter 10-30 nm) without any sur-
factant assistance. Authors also studied a nanofluid prepared using
0.05 wt% of Ag nanoparticles using 1 wt% of PVP. A Rame-Hart Model
250 Standard goniometer was used to perform measurements. A droplet
of various nanofluids was investigated in time, and during this mea-
surements water evaporates which leads to increase of real fraction of
NPs, so actually they measured concentration dependence of surface
tension measurements. They concluded that surface tension of the
studied nanofluids decreases during evaporation and this phenomenon
was opposite to the trend predicted by the Stefan formula, which relates
ST and heat of vaporization in the case of pure molecular fluids.

In other paper, Vafaei et al. [58] presented results of experiments on
liquid-gas surface tension of water based nanofluids containing gold
nanoparticles with various diameters (from 5 to 90nm). They in-
vestigated the effects of applied voltage and the size of gold nano-
particles on the effective liquid—gas surface tension. Vafaei et al. mea-
sured radius of triple line, height, and the location of lateral apex of
nanofluids droplet during application of voltage between 0 and 30V.
On the base of Young-Laplace equations they calculated surface tension
of nanofluids. They presented that, at zero voltage, surface tension
decreases with increase of nanoparticle size. A decrease of ST with in-
creasing of voltage was also presented. Hence they observed that after
application of voltage, ST of nanofluids decreases with NPs size in range
5-50 nm then increases reaching the maximum value at 90 nm.

Aluminum and boron particles suspended in ethanol and n-decane
were investigated by Tanvir and Qiao [34]. They used popular pendant
drop method coupled to the Young-Laplace equation to determine the
surface tension of these materials. They prepared samples with nano-
particle mass concentrations of 0.1, 0.5, 1, 2, 3, 4, 5, 7 and 10 wt%,
without any surfactant in the case of ethanol-based nanofluids and
using 1 vol% concentration of Sorbitan Oleate for n-decane nanofluids.
Averaged nanoparticle diameters were 80 and 18nm for B and Al
powders, respectively. In both cases, they reported that ST of nanofluids
increases with increasing of mass concentration of nanoparticles. They
have connected this phenomenon with a strengthening of Van der
Waals force between the accumulated particles at the liquid-gas inter-
face. They presented also results of studies on surface tension of n-de-
cane based nanofluids containing 0.1 wt% Al with various volume
fractions of surfactant (Sorbitan Oleate). From these results they con-
cluded that surface tension decreases with increasing of volume fraction
of surfactant, to the opposite with findings of Chen et al. [49].

Surface tension is one of important parameters in the case of design
of printing ink. Lee et al. [59] presented results of experimental studies
on surface tension of silver nanoparticles with size of 50 nm suspended
in water and diethylene glycol (DG) co-solvent system. They measured
surface tension of ink containing 5-35wt% of silver nanoparticles at
constant temperature of 20 °C with tensiometer K10ST (Kruss, Ger-
many). They found that ST increases with nanoparticle content in the
whole measured mass concentration range.

It should be finally noted that one numerical research on surface
tension of nanofluids was also performed by Lu et al. [60]. They pre-
sented results about simulation of surface tension of water based gold
nanofluids. They used molecular dynamic simulations and bulk water
films with 4500 water molecules at 300K and three various gold na-
noparticles volume concentrations (3.43%, 6.77% and 9.81%) were
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simulated. Nanoparticles were modeled as 32-atom systems with di-
mension of 0.8 X 0.8 X 0.8 nm>. They concluded that surface tension of
nanofluids is strongly connected with nanoparticles wettability. The
addition of surfactant-like nanoparticles increases the molecular spa-
cing on the free surface, which reduces the fluid surface tension while
non-surfactant nanoparticles reduce the molecular spacing on the free
surface which increases the surface tension.

5. Unusual/less studied nanofluids

Some experimental studies on nanofluids containing nanoparticles,
which were not mentioned in previous sections, were also performed.
Main results and conclusions for these less used nanofluids are reported
thereafter, additional details are also given in Table 9.

Huminic et al. [61] used Sigma force tensiometer to determinate ST
of water-based nanofluids containing two mass fractions of SiC nano-
particles (0.5 and 1.0wt%) in temperature range from 293.15 to
323.15 K. Measurements on this equipment are based on Du Noiiy ring
method, which involves the interaction of a platinum ring with the test
surface. They observed for 0.5 wt% of nanoparticles that surface tension
is lower than pure base fluid. For highest examined mass concentration,
surface tension is higher than base fluid at temperatures above
293.15K. They connect this phenomenon with results obtained by
Murshed et al. [38] for TiO, in water nanofluids and suggest that de-
creasing in surface tension might be caused by the Brownian motion of
nanoparticles in the base fluid.

Huminic et al. examined also another aqueous nanofluid containing
14-nm FeC nanoparticles [15]. In this case, they used three con-
centrations 0.1, 0.5 and 1.0 wt% and temperature ranging from 283.15
to 343.15K. Once again Sigma force tensiometer was used to perform
measurements. They reported that for each examined nanofluid ST
decreases with temperature. It was also presented that for the two first
concentrations (0.1 and 0.5 wt%) FeC/water nanofluids exhibit lower
ST than pure base fluid. Like for previous described SiC/water nano-
fluids, this behavior was related to Brownian motion and the accumu-
lation of nanoparticles at the gas-liquid interface. They discussed also
possibility that this kind of behavior might be caused by surfactants as
suggested [34].

Another water-based Bi»Tes nanofluids were examined by Vafaei
et al. [62]. They conducted measurements of liquid—gas surface tension
of two sizes (2.5 and 10.4 nm) of Bi,Te; nanoparticles. Effective liquid-
gas surface tension was calculated from comparison between experi-
mental droplet shape and prediction of Laplace-Young equation. The
observed trends in mass concentration dependence of ST were similar
for both examined size of nanoparticles. First ST decrease when nano-
particles concentration increase, and after some critical concentration
ST starts to increase. This critical concentration was higher for bigger
nanoparticles. They explain this behavior by the fact that the nano-
particles accumulate at the liquid—gas interface. When nanoparticles get
to the interface they reduce the effective surface energy, nanoparticles
become “trapped” at the interface and, in turn the concentration of
nanoparticles on the gas-liquid interface rises.

Recently, Zyta et al. [63] also investigated ST of nanofluids con-
taining two different sizes of nanoparticles. Base fluid was ethylene
glycol and nanoparticles were TiN with average size of 20 and 50 nm,
respectively. Samples were prepared in mass concentrations from 1% to
5% with 1 wt% step, and it corresponding volume fraction ranges from
0.0022%? to 0.0111%. They employed the pendant drop method to
determine surface tension between nanofluids and air at constant
temperature of 293.15K from Young-Laplace equation. For both ex-
amined sizes of nanoparticles, it was observed that surface tension of
nanofluids increases with volume fraction of solid particles. It was also
presented that surface tension is higher for nanofluids containing
smaller particles.
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6. Existing empirical correlations

In some of previous papers, experimental data have been used to
develop theoretical or empirical correlations. Experimental results have
also been compared with existing models. These models and correla-
tions are detailed in the following including their validity domain.

First, as water is largely used as base fluid for producing nanofluid,
expression of its surface tension in function of temperature is here re-
minded [64].

¥y = 0.076 — 0.00017T 1)

where vy is ST in N/m and T the temperature in Kelvin.
Another relationship for ST of water was proposed by Vargaftik
et al. [65] within the temperature range 273.01-458 K.

y = 235.8[M]1.256[1 - 0.625(M)]

647.15 647.15 2

Based on their experimental results, Zhu et al. [33] have suggested
the following equation, Eq. (3), for the linear decrease of Al,O3 nano-
fluid ST with temperature in the range 292-352K:

y=A—-BT 3)

where A and B are constant linked to each nanoparticle loading.

Murshed et al. [38] have compared experimental data of interfacial
tension between TiO, water nanofluid (0.1% in vol.) and oil for tem-
perature range 298.15-328.15K to the model developed by Girifalco
and Good [39] and defined by the following equation:

yvab =ya+yb-2®,/yayb 4)

Here vy, and vy, are the surface tensions of both phases a and b re-
spectively, vap is the interfacial tension between both phases, and @ is a
constant equals to the ratio of adhesion and cohesion of two phases.

After suggesting some correlations dissociating each studied nano-
fluid and concentration, Chinnam et al. [6] have proposed a wider
correlation based on all experimental data and the additional combi-
nation of volume fraction, temperature and average particle size. This
correlation was developed for ZnO, Al,O3, SiO5 and TiO, nanofluids
produced with PG/W (60:40) as base fluid. The equation is valid for
temperature range 303-343 K, nanoparticle loading between 0.005 and
0.06 and for nanoparticle diameter, d,, ranging from 15 to 50 nm.

i 70), (4.
E_a¢+b(T)+c(dbf)+D )

with Ty = 299K, a = — 1.02219, b = — 0.27706, ¢ = 0.00063558 and
D = 1.17344. nf and bf subscripts stand for nanofluid and base fluid,
respectively, and ¢ is the nanoparticle volume loading. Molecular dia-
meter of base fluid, d,; was taken to 0.543 nm [6].

Based on their experimental data, Ahammed et al. [56] also pro-
posed an empirical correlation for graphene water nanofluids including
influence of both temperature (10-90 °C) and nanoparticle concentra-
tions (0.05-0.15% in vol.).

SURFACE
TENSION

luid nature
Temperature i Ps“;f;':

Fig. 2. Factors affecting the surface tension of nanofluids.

Nanoparticle
concentration
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rnf

= 0,493(TL°)0.163(1)0.0884
ybf ¢

Tnf (6)

In Eq. (6), T.. is the ambient temperature and T,y is the temperature
of nanofluid.

From a theoretical analysis based on Gibbs adsorption of both sur-
factant and nanofluids, Harikrishnan et al. [37] developed the fol-
lowing equations for interfacial tension considering their experimental
data obtained with CuO nanoparticles dispersed in water with DTAB as
surfactant.

Xy

I'xyooRT
YXy =yxy0- Tln(HkXndxy)

@
where subscript xy denotes any interface between solid-liquid, liquid-
gas... yxy is the surface tension at concentration C, yxy0 is the surface
tension at zero concentration, R is the universal gas constant and T is
the absolute temperature. I'xyco represents the limiting surface cov-
erage (basically the maximum possible interfacial concentration of the
adsorbate) and kxy is the product of the equilibrium constants for the
first and second adsorption steps. Finally, nxy is the fitting parameter
linked to the aggregation number [37].

7. Conclusions, challenges and future works

While ST and W are important properties to know and determine in
view of the applications of nanofluids in heat exchangers and energy
systems, as mentioned in introduction, this review shows that these
properties have so far been little studied in comparison to other ther-
mophysical properties. Also, except in few recent works presented be-
fore in this paper [6,36,37,48,53], it appears that ST and W of nano-
fluids are only a part of studies even a complete topic. In addition, there
are some issues, which need to be raised.

First, the investigation of ST and W properties must be generalized
due to their potential influence in many thermal configurations and
technologies, as illustrated in Table 1. In particular, due to the devel-
opment of high temperature applications with nanofluids, measure-
ments and results have to be produced for temperatures higher than
393.15K, in particular for liquids and salts used in solar applications.

For lower temperature, the literature overview shows that ST of
nanofluids generally decreases with temperature. Avoiding the possible
effect of measurement methods and instruments used, this review evi-
dences that ST and W of nanofluids is affected by several parameters,
evidenced in Fig. 2, such as nanoparticle nature, shape, size and con-
tent. Also, there are some dissenting conclusions regarding the changes
in surface tension as a result of the nanoparticle dispersion as ST can
increase or decrease with nanoparticle loading following the nature and
size/shape of nanoparticles and base fluid. It was also evidenced the
great influence of surfactant, because when it is used ST is generally
reported to decrease with nanoparticle content. Experimental and
theoretical studies have to be performed for a better understanding of
influential parameters and development of more universal models and
correlations. Moreover, except in few papers, density of nanofluids was
not properly given from a theoretical or experimental point of view
while this property is needed for ST tension evaluation with all tech-
niques considered. We recommend to systematically include this value
in all new coming papers in this topic.

For a practical point of view, some recommendations can also be
done. ST can be used as an indicator of nanoparticle stability and dis-
persion within base fluid following ST value or drop with time. ST and
contact angle measurements can also be used in understanding boiling
process of nanofluids and deposit of nanoparticles under this process
involving surface modifications. These fundamental properties should
be further investigated to build a consistent database and help to better
understand the two-phase flow behavior and boiling heat transfer
characteristics of nanofluids.

Finally, we hope that this overview will be useful for nanofluid
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community and researchers, and we encourage them to develop studies
to fill the gap in this field.
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