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ABSTRACT

In this study, the influence of Zirconia (ZrO,) and Titania (TiO,) nanopaticles on liquid-solid phase tran-
sition of aqueous nanofluids with/without Poly vinyl pyrrolidone as surfactant are experimentally com-
pared. A cooling generation apparatus based on the compression refrigeration cycle has been used to ex-
plore the solidification behavior of nanofluids as phase change materials. The experimental results show
that ZrO, and TiO, nanoparticles considerably reduce the solidification supercooling degree of deionized
water (as basefluid). Only adding 0.04 wt% ZrO, and TiO, nanoparticles to base fluid, the percentage of
reduction in supercooling degree attained 81% and 65%, respectively. The results reveal that although the
presence of surfactant in nanofluids reduces the supercooling degree and slightly solidification time of
both ZrO, and TiO, nanofluids; but it has no influence on onset nucleation time. Comparison of ZrO, and
TiO, nanofluids with/without surfactant presents that ZrO, provides faster solid layers formation and has

Phase change material

more energy saving potential in storage systems due to its lower supercooling degree.

© 2018 Elsevier Ltd and IIR. All rights reserved.

Etude expérimentale de I'effet de nanoparticules de zirconium sur les
caractéristiques de transfert de chaleur par solidification: comparaison avec les

nanoparticules de titane

Mots-clés: Solidification; Nucléation; Degré de surfusion; Nanofluide; Tensioactif; Matériau a changement de phase

1. Introduction

Application of Phase Change Material (PCM) to store and re-
lease latent heat in energy storage systems as an efficient method,
allows high energy storage capacity and massive charge/discharge
rate (Nomura et al., 2016; Lei et al., 2016; Elmozughi et al., 2014;
Abdollahzadeh and Esmaeilpour, 2015). Various techniques have
been proposed and investigated to improve operation of energy

Abbreviations: COP, coefficient of performance; DNSD, dimensionless number of
supercoiling degree; DNST, dimensionless number of solidification time; DW, deion-
ized water; ONT, onset nucleation time, S; PCM, phase change material; PVP, poly
vinyl pyrrolidone; SD, supercoiling degree, °C; ST, solidification time, S.
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storage system by enhancing thermal conductivity of PCMs such
as introducing metal structures into PCM, dispersing micro parti-
cles into PCM and using double layer network for Phase change
composites (Wang et al., 2016a; Wang et al., 2016b; Golestaneh et
al., 2016).

Nowadays, due to rapid development of nanotechnology, the
thermophysical properties of PCMs in the presence of nanopar-
ticles (Yiamsawasd et al., 2012; Raja et al., 2016; Mahbubul et
al., 2013) and likewise phase changing process of nanofluids
(Kim et al., 2011; Moghiman and Aslani, 2013; Altohamy et al.,
2015) have attracted significant research attention. Preliminary ev-
idences indicated that the aqueous nanofluid could be an effec-
tive material to modify the performance of cooling energy storage
system (Chandrasekaran et al., 2014b; Mo et al.,, 2012); because
nanoparticles act as nucleating agent to promote solidification
rate by improving heterogeneous nucleation (which takes place in
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Nomenclature

AG Gibbs potential variation, k]

Agy volumetric free energy, k] m~—3
Ah mass specific phase change enthalpy, k] kg=1 K-1
K thermal conductivity, W m~! K1
r radius, m

r* critical nucleation radius, nm

T temperature, K

Tm phase change temperature, K

Tn nucleation temperature, K

w power, W

Greek symbols

y interface free energy, k] m—2

Yiw ice-water interface free energy, k] m—2
n efficiency

0 contact angle, °

u dynamic viscosity, kg m~! s~1

v kinematic viscosity, m? s~1

0 density, kg m—3

1) volume fraction

Subscripts

A ambient

BF basefluid

Cons consumption

E evaporator

N net

NF nanofluid

NP nanoparticle

P particle

nanofluids). The recent investigations revealed that the presence
of Alumina, Copper oxide, TiO,, graphene oxide nanoparticles and
multi-walled carbon nanotubes in basefluid would reduce the Su-
percooling Degree (SD) with an advance in the onset nucleation
time (ONT) and a decrease in the solidification time (ST) (Altohamy
et al.,, 2015; Chandrasekaran et al., 2014a; Chandrasekaran et al.,
2014b; Mo et al., 2012; Aslani and Moghiman, 2015; Teng, 2013;
Wu et al., 2009; Mo et al., 2015; Harikrishnan et al., 2013; Jia et
al.,, 2014; Fan et al., 2015; Kumaresan et al., 2013; Kumaresan et al.,
2012), but the lack of direct comparison makes conclusions hard to
interpret.

In addition to nanoparticles, surfactants can be used to reduce
the SD of nanofluids (Wu et al., 2009; Jia et al., 2014). According
to the theoretical analysis of heterogeneous nucleation associated
with surfactants, Wu et al. (2009) and Jia et al. (2014) showed that
the addition of sodium dodecyl benzene sulfonate and sodium do-
decylsulfate as surfactants could reduce the SD of nanofluids due to
the reduction in free energy change required for nucleation. Fur-
thermore, Wang et al. (2014) and Zhang et al. (2010) considered
the relation between free energy change and nucleation behavior
in Copper, Alumina and Silica nanofluids. As will be discussed in
detail in Section 2, solidification proceeding and SD are relevant
to critical nucleation radius (r*), therefore, Liu et al. (2015) inves-
tigated the critical nucleation radius in graphene oxide nanofluid
under nucleation process. They tabulated the critical nucleation ra-
dius of graphene oxide nanofluid based on the nanoparticle con-
centrations.

Further to play nucleating agent role by nanoparticles to reduc-
ing SD, inadequate efforts have been put in for exhibiting the ef-
fects of nanoparticle structure and properties on solidification heat
transfer characteristics (Abdollahzadeh and Esmaeilpour, 2015; Liu
et al, 2015; Zhao et al.,, 2013). Nanoparticles, influence on heat

transfer characteristics of basefluid enhancing kinematic viscos-
ity, changing thermal conductivity and suppressing the turbulence
(Kumaresan et al., 2012; Khodadadi et al., 2013). According to
the literatures, the measurement of viscosity of nanofluids is per-
formed by cone and plate viscometer. Also, thermal conductivity is
measured by transient hot wire method. The measurement of la-
tent heat (and specific heat) is performed by differential scanning
calorimetry (He et al., 2012). Based on these measurements, the
required empirical equations are presented in Section 2. The lower
enhancement in viscosity of nanofluid accompanied by a higher
heat transfer, leads to lower time requirement for complete solidi-
fication (Harikrishnan et al., 2013; Kumaresan et al., 2012).

Numerous confirmatory studies of the effects of various pa-
rameters on solidification behavior of TiO, nanofluids (Mo et al.,
2012; Mo et al., 2015; Harikrishnan et al., 2013; Jia et al., 2014;
Aslani and Moghiman, 2015), makes it useful to compare as an ad-
ditive to basefluid. In order to extend the existing knowledge in
the field of nanofluid solidification process, the present research
work aims to explore and compare the solidification heat trans-
fer characteristics of ZrO, as low kinematic viscosity nanofluid
with TiO, nanofluid with/without Poly Vinyl Pyrrolidone (PVP) as
a surfactant. Despite of cubic molecular structure and symmetric
bonds of ZrO,, which make it suitable for heat transfer applica-
tions (Sarafraz et al., 2016), the literature reviewed demonstrates
that the solidification behavior of Deionized Water (DW) dispersed
with the ZrO, nanoparticles has not been reported. In sum, ZrO,
is selected to investigate, due to its low kinematic viscosity and its
structure (suitable for heat transfer applications). The selection of
TiO, nanoparticles is due to numerous confirmatory studies on it
(suitable to comparison).

2. Mechanisms and evaluation of phase change

To analyze solidification characteristics, three stages of pro-
cess should be deliberated as (Li et al., 2013; Wang et al., 2014;
Yamanaka et al, 2012): (1) nucleation occurrence by reducing
the fluid temperature to the nucleation temperature (T,) and (2)
growth of nucleation and crystal formation by enhancing the fluid
temperature to the phase change temperature (Tp,). (3) formation
of solid layers by releasing latent heat at a constant temperature
of T, (Phase transition) in solidification time. The appearance of
crystal nuclei is closely related to the Gibbs free energy variation
(Wang et al., 2014). The Gibbs potential variation (AG) due to the
new phase formation for a spherical droplet of radius (r) is as fol-
lows (Gunther et al., 2011):

T
ﬂ_‘l

where p denotes the density, Ah and T, are the mass spe-
cific phase change enthalpy and phase change temperature and y
stands for the interface free energy which depends upon solid-
liquid interface created in the course of phase transition.

As surfactants contribute to change the structure of the droplet
surface, Eq. (1) that can be applied for the case of nucleation on a
spherical droplet, must be reconstructed to determine the Agy:

AG (r, T):gnﬁpAh( )+47rr2y (1)

AG (r, T,0) = gnr3p Ah(Tl - 1)F(9) Lanyf@) ()

where 6 refers to contact angle and both F(6) and f(0) are func-
tions of contact angle (Zhang et al., 2010).

The first term on the right-hand side of Eqs. (1) and (2) refers
to volumetric term whereas the second one refers to surface term.
Volumetric free energy (Agy) reversely influence on r*. Radius of
formed new phase (solid nucleate) in main phase (liquid) grows
spontaneously beyond a certain cluster size, r*, introduced as (Liu
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Non-spherical droplet
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Fig. 1. The physical model of contact angle in droplet nucleation.

et al,, 2015):
2yiw

r=— 3
Ag, (3)

in which, y;, corresponds to the ice-water interface free energy
and in term of y,, the value of 2.3*10~> k] m~2 referred to the
literature conducted by Liu et al. (2015). Also, Agy, of basefluid and
nanofluid can be expressed as:

—px?thD 4)

where p and Ah of nanofluids are calculated from following em-
pirical formulas (Bavand et al., 2015; Zabalegui et al., 2014). Em-
pirical equation for Ah (used in this work) is derived from results
tested by differential scanning calorimetry; but due to low concen-
trations of nanoparticles, the effect of additives on mass specific
phase change enthalpy is negligible and it can be considered as a
constant value for DW and nanofluids, according to the literature
of Liu et al. (2015).

PnE = (1 —=0p) x pgr +Pp X PNp (5)

Agy =

Ahys = P % Ahge (1 — dp)
PNF

where ¢p refers to the volume fraction of additives and obtained
from Eq. (7) and For DW as basefluid, p = 999 kg m~3 and Ah
= 334.38 k] kg~! (Liu et al., 2015; Khodadadi et al., 2013).
_ PBF X wt%

a PBF X wt% + (1 *Wt%) X Op

(6)

@p (7)

According to Eq. (8), SD represents the difference between the
phase change temperature and nucleation temperature (Liu et al.,
2015). It is important to note that the considerable effect of addi-
tives on Agy is emerged in SD.

SD=Tyn Ty (8)

where T, is nucleation temperature.

As briefly mentioned in Section 1, it is important to find and
determine the dominant mechanism in various experiments. It
is evident in reviewing the literature that there are four major
mechanisms which play roles in controlling solidification behavior
(Zhang et al., 2010; Zabalegui et al., 2014; Mo et al., 2015; Wang et
al., 2016a).

1) Effect of nucleating agent: additives including nanoparticles
and/or surfactants into PCMs can provide nucleating sites
of liquid by solid-liquid interface and solid particles surface
which suspended in PCM (Mo et al., 2015). In other words,
additives operate as agent of nucleation to induce surface
nucleation, especially at higher concentrations of additives.

Effect of contact angle: reduction of contact angle from
6 = 180° in spherical droplets, leads to enhancement of con-
tact surface area and reduction of Gibbs free energy varia-
tion. As solid-liquid interfaces are nucleating sites of liquid,
contact surface area enhancement facilitates nucleation pro-
ceeding. Therefore non-spherical droplets (see Fig. 1) need
less cooling energy compared to spherical droplets and nu-
cleation occurs in higher temperature (T,) and consequently

N
—

lower SD (Eq. (8)) (Zhang et al.,, 2010). Hence, SD implic-
itly depends on contact angle. Also, as Gibbs free energy is
constant (AG = 0) during phase change process, change in
contact angle and consequently reduction of AG (due to sur-
factant additives), accelerates the phase change process and
enhance the rate of released latent heat and implicitly re-
duce ST (Wu et al.,, 2009; Jia et al., 2014).

3) Effect of thermal conductivity: additives with higher thermal
conductivity such as metal/metal oxide nanoparticles pro-
vide a higher rate of conduction heat transfer and accelerate
solidification process (Wang et al., 2016a).

4) Effect of kinematic viscosity: in general, nanoparticle addi-
tives enhance kinematic viscosity which is a contrary mech-
anism in heat transfer. It occurs because a decrease in kine-
matic viscosity intensify Brownian motion which signifi-
cantly elevates buoyancy-driven convection (on account of
Grashof number), facilitates latent heat reduction (Zabalegui
et al., 2014). If the relative weight of natural convection to
heat conduction in solidification process can promote solid-
ification behavior, the concentration of nanoparticle is well
within the safe range connected with viscosity (Zeng et al.,
2013).

Therefore, it is important to take into account contrast mech-
anism to choose nanoparticles (Kumaresan et al., 2012). Optimal
choice is found when nanoparticles have higher thermal conduc-
tivity and lower kinematic viscosity in optimum concentrations
to adjust mechanisms in desire conditions. An enhancement of
nanoparticle concentration, leads to change in thermal conductiv-
ity of PCM, increase in nucleating sites and kinematic viscosity; but
lower enhancement of kinematic viscosity is desired. Therefore,
various experimental works should be conducted to determine the
dominant mechanism in solidification behavior of nanofluids.

In order to facilitate fair and comprehensive comparison be-
tween important parameters of solidification in nanofluids, dimen-
sionless numbers of SD (DNSD) and ST (DNST) are defined as a ratio
of SD and ST of nanofluids to that of their basefluid (DW) and are
represented as follows:

. SDnr
DNSD = 2 9)
STnr
DNST = —— 1
S STor (10)

Investigations of solidification behavior require consideration
of efficiency and performance of cooling energy storage systems.
Higher efficiency () of energy storage system is obtained in lower
SD; and also depends on energy storage rate, thermal stability and
thermal conductivity of PCMs (Lu and Tassou, 2012; Sari et al.,
2014; Wang et al., 2016b). The efficiency of the energy storage sys-
tem is the cold exergy efficiency i.e. net power generation (Wy)
to electricity power consumption (Wc,,s). The efficiency and coef-
ficient of performance (COP) in the energy storage system are ex-
pressed as:

Wy

= 11
= Weons ()
1
COP =1 (12)
Tx
n

where T, and Tg denote ambient temperature and evaporator tem-
perature, respectively (Du and Ding, 2017).

From Eqs. (11) and (8), it is clearly deduced that higher T, and
consequently lower SD will result in higher temperature of evapo-
rator operation and therefore lower electricity consumption which
make saving on energy. Also, it is elucidated from Eq. (12), that
COP enhancement of energy storage system is caused by higher T
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Table 1

Thermophysical properties of TiO, and ZrO, nanoparticles (Azmi et al., 2016; Williams et al., 2008; Ismail et al., 2012).
NP Size nm wit% Knp (W m~1 K1) King/ Ky Png #1073 (kgm=3) Prfl Pbr fng 103 (kgm~1s71) Fnfl by Uy % 107(m? s71) Upf/Ups
Zr0, 20 0.04 0.600 1.016 5.895 5.901 2423 1.356 4110 0.230
TiO, 20 0.04 0.608 1.030 3.903 3.907 1.912 1.070 4.899 0.274

(higher T, and lower SD) and higher efficiency, too. On the other
hand, the reduction of ST and/or ONT will enhance the COP by en-
hancing Wy and n.

3. Experimental measurements

3.1. Nanofluid preparation

In this study, two-step method for preparing nanofluids was
used. Producing nanoparticles as dry powders and then at the
second processing step, dispersing nano-sized powders into the
base fluid were performed in this method. Sonication in nanofluid
preparation was used to reduce particle agglomeration and en-
hance stability of the suspension (Moghiman and Aslani, 2013). In
this experimental investigation, TiO, and ZrO, nanoparticles (0.01,
0.02 and 0.04 wt%) were used (thermophysical properties are given
in Table 1). In practical scenario, the only nanoparticle weight re-
quired for 100kg DW is 40g (for 0.04wt%) and their costs are
about 70 and 150 $ for TiO, and ZrO,, respectively, which enhance-
ment of COP and n by reducing electricity power consumption is
able to compensate the nanoparticles costs.

Nanoparticles were mixed with DW as base fluid by mag-
netic stirrer for 15min at the speed of 450rpm and sonicated
by an ultrasonic homogenizer (50 kHz) for 30 min. These spherical
nanoparticles were weighed by an electronic balance whose preci-
sion is +0.001 g.

It is clearly evident that extremely low concentration of
nanofluids is more stable than higher concentrations. Even though
nanofluid preparation without ultrasonic homogenizer gradually
causes aggregation and sedimentation of nanoparticles, the pres-
ence of nanoparticles (even in sediment form) leads to heat trans-
fer enhancement, due to their high surface-to-volume ratio.

3.2. Experimental apparatus and procedure

Fig. 2 illustrates the experimental setup to investigate solidifica-
tion process of nanofluids. This setup consists of a cooling system
based on compression refrigeration cycle, thermally insulated tank,
K-type thermocouple and data logger. Insulated tank of 10 L capac-
ity was filled with a mixture of 25% ethylene glycol and 75% wa-
ter by volume (freezing phase change temperature of —12 °C). A K-
type thermocouple with an accuracy of +0.01 °C was implemented
to control the mixture temperature to be at —12°C. A cylindrical
polyethylene test section (80 mm in diameter and 200CC in vol-
ume) placed at insulated tank, was used to study nanofluid solid-
ification behavior. To continuously monitor the temperature varia-
tion of the nanofluid (every 1 min.), K-type thermocouple with an
accuracy of +0.01 °C was located at the center of test section. Prior
to performing the experiments, measuring instruments had been
calibrated and the experiments were repeated three times. The un-
certainty of nanofluid temperature and mass was estimated to be
4% and 0.1%, respectively.

4. Results and discussion
4.1. Solidification process of ZrO, and TiO, nanofluids

The temperature variation of ZrO, nanofluid versus time
at different nanoparticle concentrations (DW =0, 0.01, 0.02 and

0.04 wt%) is plotted in Fig. 3. It is observed that the ZrO, nanopar-
ticle helps to advance in onset nucleation time (ONT) and reduce
the solidification time (ST) and supercooling degree (SD) which
improve efficiency and performance of cooling energy storage
(according to the definition of 1 and COP based on Egs. (11) and
(12)). This occurs because the nanoparticles act as nucleating agent
and consequently accelerate the nucleation process. This result is
consistent with the previous report carried out on TiO, (Aslani and
Moghiman, 2015) which to facilitate comparison, presented in Fig.
4. According to Table 1, ZrO, and TiO, as metal oxide nanoparticles
enhance thermal conductivity of nanofluids and as a result, elevate
the rate of releasing latent heat and the solid layers formation. The
maximum enhancement in ONT and reduction in ST is found to be
in maximum used nanoparticle concentration (0.04 wt%). The com-
parison between Figs. 3 and 4 indicates that ZrO, nanofluid con-
tributes to lower SD and ONT. Now, it is noteworthy to compare
and discuss solidification behavior of ZrO, and TiO, nanofluids, in
detail.

4.2. Comparison of solidification characteristics of ZrO, and TiO,
nanofluids

Comparison of SD between ZrO, and TiO, nanofluids is pre-
sented in Fig. 5. It can be seen that an increase in concentrations of
both nanoparticles, reduces the SD of nanofluids. The results show
that for 0.04 wt% concentration of two nanoparticles, SD is reduced
by 81% in the case of ZrO, nanofluid whereas the reduction of SD
in TiO, is only about 65%. It is due to the fact that nanoparticles in
basefluid have tendency to increase nucleating surface sites by en-
hancing nucleating agent and reducing contact angle. Also, metal
oxide nanoparticles enhance thermal conductivity of nanofluids.
In turn, through four major mechanisms of controlling solidifica-
tion behavior, contemporary growth of these three mechanisms
improve solidification characteristics of DW (especially SD); mean-
while, because of deteriorate effect of kinematic viscosity enhance-
ment in the presence of nanoparticles (Azmi et al.,, 2016), lower
enhancement of ZrO, kinematic viscosity (see Table 1) and con-
sequently lower thermal dispersion (because of Brownian motion)
leads to lower SD and higher saving energy in solidification process
of ZrO, compared to Tio,. It should be considered that as quanti-
ties of thermal conductivity and kinematic viscosity have different
order of magnitude, relative difference or ratio of values are used
to compare. From Table 1, it is evident that difference of kinematic
viscosity ratio between nanofluids is higher than that of thermal
conductivity. Owing to this attributes, kinematic viscosity has been
found to be a dominant mechanism in introducing ZrO, as emerg-
ing candidate of PCM in energy storage systems, (in contrast with
the effect of relatively higher thermal conductivity of TiO,).

Fig. 6 illustrates the comparison of DNSD between ZrO, and
TiO, nanofluids with respect to DNST. According to the slope of
Zr0, and TiO, curves in Fig. 6, it is inferred that the effect of
nanoparticle additives on the reduction of DNSD is greater than
that of DNST especially in ZrO,. A reduction of nearly 80% and 60%
in the DNSD of ZrO, and TiO, along with a reduced DNST of 20% is
observed in Fig. 6. The prevailing effect of ZrO, on nucleation step
(relevant to SD) compared with solid layer formation (relevant to
ST) is deduced from the results of Fig. 6.

Fig. 7 presents both the ONT and ST of ZrO, and TiO,
nanofluids at various nanoparticle concentrations. The results show
that extremely low concentration of ZrO, and TiO, nanoparti-
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Fig. 2. Schematic diagram of the experimental setup.
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Fig. 3. Effect of ZrO, nanoparticle concentrations on timewise variation of nanofluid cooling curve.
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Fig. 4. Effect of TiO, nanoparticle concentrations on timewise variation of nanofluid cooling curve (Aslani and Moghiman, 2015).

0 0.01 0.02 0.03 0.04
wt.%

Fig. 5. Comparison of SD between ZrO, and TiO, nanofluids with respect to
nanoparticle concentration.

cles (<0.01 wt%) help to sharply reduce the ONT. Also, the figure
demonstrates that the ONT of 0.04wt% ZrO, and TiO, get advanced
by 61% and by 58%, respectively. The ONT of nanofluids apparently
decreases with increasing the nanoparticle concentrations until it
becomes approximately constant. This occurs because according to
the heterogeneous nucleation theory, nanoparticles make preferen-
tial sites for solidification. Therefore firstly, an increase in nanopar-
ticle concentration leads to a higher nucleation rate; then, loading
more nanoparticles causes hindering of nuclei growth and ONT be-
comes slightly constant. The increase in nanoparticle concentration
illustrates a nonlinear enhancement behavior at ONT and a near
linear enhancement in the ST. From the results of Fig 7, it is re-
vealed that ST variation of ZrO, and TiO, at various nanoparticle
concentrations is negligible. Even though ZrO, nanofluid provides
slightly faster solid layers formation in solidification process. The
ST of ZrO, and TiO, nanofluids with concentration of 0.04%, can
be saved by nearly 19%.

0.9 1 070,

0.8 A

Tio
0.7 - ario,

0.5 ~

DNSD

0.4 -+

0.2 A

0 T T T T

0 0.2 0.4 0.6 0.8 1
DNST

Fig. 6. DNSD vs. DNST in ZrO, and TiO, nanofluids.

Volumetric free energy as an effective parameter in solidifica-
tion versus nanoparticle concentrations of ZrO, and TiO, is shown
in Fig. 8. It is noticed that loading these nanoparticles present an
enhancement in volumetric free energy at different nanoparticle
concentrations. In other word, absolute value of volumetric free
energy is reduced by nanoparticle concentration; which in accord
with Eq. (4), causes the reduction of SD. As can be seen, the decel-
eration of absolute value of volumetric free energy induced by the
ZrO, nanoparticle is higher than that of TiO,. It occurs because al-
though TiO, possesses higher thermal conductivity than ZrO,, but
Zr0O, exhibits lower kinematic viscosity, thereby ZrO, nanoparti-
cle has lower heat resistance and higher natural convection; which
leads to acceleration of phase transition of ZrO, nanofluid. It is ob-
served that various types and especially concentrations of nanopar-
ticle would make remarkable impact on the volumetric free energy.

The variation of the critical nucleation radius with respect
to nanoparticle concentration is observed in Fig. 9. These re-
sults of ZrO, and TiO, nanofluids show that an increase in
nanoparticle concentration increases the critical nucleation radius.
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Fig. 7. Comparison of ONT and ST between ZrO, and TiO, nanofluids with respect
to nanoparticle concentration.
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Fig. 8. Variation of volumetric free energy between ZrO, and TiO, nanofluids.
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Fig. 9. The critical nucleation radius as a function of nanoparticle concentration for
ZrO, and TiO, nanofluids.

30
25 | — -DW
— 1% PVP
20 A
= = 0.02% ZrO,
15 4
e 0.02% ZrO2+ 1% PVP
__ 10
kS
~ 5 |
o 1N N
\ \l 200 4000 T~ oooe- 8000
-5 A
\ t(s)
=~ I
-10 | -
-15
Fig. 10. Cooling curve of ZrO, nanofluids with and without surfactant.
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Fig. 11. Cooling curve of TiO, nanofluids with and without surfactant.

Also, enhancement of critical nucleation radius in the case of
Zr0O, nanofluid is consistently much more rapidly than that of
TiO, nanofluids (nearly 2 times higher). It is evident that the
r* difference between ZrO, and TiO,, becomes obvious along with
enhanced concentration. As can be seen, when the nanoparticles
concentrations of ZrO, and TiO, become 0.04 wt%, their critical nu-
cleation radiuses begin to increase linearly up to almost 20 nm and
10nm, respectively. These experimental results are fitted by the
Egs. (13) and (14) for ZrO, and TiO, in the range of wt% <0.04%:

r§r02 =385 % wt% + 3.15, R? = 0.9969, Accuracy = £7% (13)

Thio, = 217 » Wt% + 3.38, R* = 0.9901, Accuracy = +9% (14)

4.3. Solidification process of ZrO, and TiO, nanofluids with PVP as
surfactant

In this section, the experimental study was conducted in order
to assess the effects of surfactant, nanoparticle and their compo-
sition on solidification behavior of DW as basefluid. In turn, tem-
perature variations of ZrO, and TiO, with and without surfactant
are depicted in Figs. 10 and 11, respectively. It is clearly found that
nanoparticle, surfactant and their composition can improve solidi-
fication behavior. As can be seen, time wise variations of ZrO, and
TiO, nanofluid with and without surfactant follows the same trend.
The ONT is found to be same for nanofluids with and without sur-
factant. It can be attributed to the simultaneous presence of both
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Fig. 12. Solidification characteristics of ZrO, nanofluids with and without surfactant.
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Fig. 13. Solidification characteristics of TiO, nanofluids with and without surfactant.

surfactant and nanoparticle which served as crystal growth retar-
dant due to local confinement effect (Fan et al., 2015), despite of
mixed response in the field of nucleating agent of nanoparticle and
surfactant. The ONT of ZrO, and TiO, nanofluid (with/without PVP)
are ahead of 1410 and 1530s, respectively. Adding 1wt% of PVP
to basefluid can reduce ONT By 52%. It is due to the fact that the
mechanisms of nucleating agent and contact angle are dominant
in controlling solidification behavior of PVP and play their role on
solidification. Adding PVP, by reduction of contact angle and en-
hancement of nucleating agent, provides higher nucleating sites for

heterogeneous nucleation and leads to reduction in Gibbs free en-
ergy variation and consequently SD and ONT. On comparing the
results of Figs. 10 and 11, the solidification characteristics of ZrO,
and TiO, nanofluids are presented and discussed hereafter.

4.4. Comparison of solidification characteristics of ZrO, and TiO,
nanofluids with PVP

Figs. 12 and 13, show the effect of nanoparticles, surfac-
tant and their mixed response on SD and ST. The prevailing ef-
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Fig. 14. (a) Volumetric free energy and (b) critical nucleation radius of ZrO, nanofluids with and without surfactant.
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Fig. 15. (a) Volumetric free energy and (b) critical nucleation radius of TiO, nanofluids with and without surfactant.

fect of nanoparticle additives in basefluid compared to that of
surfactant-even at higher concentration-upon SD, is clearly evi-
dent in Figs. 12 and 13. SD is greatly affected by metal oxide
nanoparticles and slightly by surfactant. As expected, minimum SD
and ST are detected when both surfactant and nanoparticle are dis-
persed in basefluid. It occurs because the SD and ST of nanofluids
with/without surfactant are influenced by changing contact angle
(Jia et al., 2014) and changing surface free energy which occupy a
high proportion of total energy of system (due to the change in

molecular arrangement of liquid in the film, along with the solid-
ification process) (He et al., 2012). Also, it could be owing to the
collision and mutual interference between the nanoparticle and
surfactant (Jia et al., 2014). Furthermore from the perspective of
the heterogeneous nucleation (which is attributed to the nucle-
ation area) due to enhancement of exposed surface area, the SD
and ST for the case of DW+ 1 wt% PVP+ nanoparticle is reduced
when compared with that of DW+ nanoparticle. The results are in
accordance with the studies of Jia et al. (2014). The SD of DW +PVP
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is reduced by 30% and appreciably nanofluids+PVP are reduced by
82% for ZrO, and 70% for TiO,, due to their enhanced heat transfer
properties. It is construed that ZrO, and TiO, nanofluids+ surfac-
tant allows the ST to degrade by 23% and 16%, respectively; which
causes promotion of energy saving potential.

Figs. 14 and 15 illustrate the comparison of volumetric free
energy and critical nucleation radius of base fluid and nanoflu-
ids with/without surfactant. The observation associated with Figs.
14 and 15 indicates that these solidification characteristics of com-
posite PCM generally rely on the presence of nanoparticle, surfac-
tant or their composition. It is noticed from the figures that as
nanoparticle and/or surfactant are added to DW, the absolute value
of volumetric free energy decreases. Generally, the results confirm
that the higher r* and lower volumetric free energy are contributed
by nanofluids containing surfactant compared to that of DW. Obvi-
ously based on the results, it is interpreted that the co-presence
of both nanoparticle and surfactant could promote heterogeneous
nucleation by reducing the absolute value of volumetric free en-
ergy and enhancing critical nucleation radius of basefluid. A reduc-
tion percentage of volumetric free energy is about 81% and 69% for
ZrO, and TiO,, respectively. Lower volumetric free energy of DW+
surfactant by using ZrO, nanoparticle predicts an energy saving
potential in energy storage system. The increase in r*, in the case
of ZrO, and TiO, with surfactant are 5 and 3 times higher than
that of DW, respectively.

5. Concluding remarks

In order to evaluate and compare the effects of nanoparticle
concentration on nanofluid solidification process, the experimen-
tal investigation using ZrO, and TiO, nanofluids with/ without sur-
factant were conducted. Based on the presented results, the major
findings in this paper were as follows:

e ZrO, nanofluid contributes to faster reduction in supercooling
degree and time of solidification (as important parameters in
solidification process) compared with TiO, nanofluid.

e The dominant mechanism beyond lower supercooling degree of
Zr0, compared to TiO,, is due to the lower kinematic viscosity
of ZrO,.

» Enhancement in critical nucleation radius of ZrO, nanofluid oc-
curs much more quickly than that of TiO, nanofluid.

o The presence of PVP as surfactant in ZrO, and TiO, nanofluids

would results a corresponding decrease in supercooling degree,

solidification time and absolute volumetric free energy and in-
crease in critical nucleation radius.

The effect of PVP as stabilizer on ONT of ZrO, and TiO, nanoflu-

ids is not actually significant.

o The comparison of ZrO, solidification results with those of TiO,
implies that ZrO, has more energy saving potential to be ap-
plied to storage systems.
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