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Abstract

The solar pond is one of the usual tools used for solar energy harvesting in the world, although its low efficiency is still a big
challenge. In this study, to enhance the thermal efficiency of the laboratory-scale salinity gradient solar pond, three differ-
ent nanoparticles, i.e., SiO,, Fe;0, and ZnO, were dispersed into a salt-water solution as the based liquid. Nanoparticles’
mass concentrations used in the based liquid were 0.012%, 0.036%, and 0.06%. The simulated sunlight thermal energy was
supplied by a 500 W halogen lamp. The prepared nanofluids were used as lower layer of the pond. Approximately 3 days
after filling the pond, the stable salinity gradient was formed and after almost 2 days of exposure to the simulated sunlight,
the temperature of the pond layers reached thermal equilibrium. The results showed that lower layer temperature increased
continuously with nanoparticles’ concentration, for all nanofluids. Based on the measured temperature, the pond thermal
performance was calculated, showing that all mentioned nanoparticles could enhance the thermal efficiency of the SGSP.
The maximum lower layer temperature (~47 °C) and thermal efficiency enhancement ratio (35.13%) were obtained for the
0.06% ZnO nanofluid. This nanofluid showed the minimum light scattering (particle size parameter =0.248) and transmit-
tance (near zero) over the UV—-Vis wavelength, leading to the increased thermal efficiency of the pond, as compared to the
Si0, and Fe;0, nanofluids. In addition, using nanoparticles, the time required to reach equilibrium conditions in the pond
was decreased, with the maximum of about 9 h.
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Introduction

Due to the industrial development and the rapid growth of
human population, consumption of fossil fuels such as natu-
ral gas is increasing. On the other hand, the high cost of
energy carriers, limitations in the use of fossil fuels, and the
growing environmental pollution have encouraged research-
ers to find an alternative and new clean energy resource
(Beiki et al. 2009; Keramati and Beiki 2017). Energy crisis,
which has raised concerns about the future of the world, can
be solved using renewable energy resources such as solar
energy and modifying the consumption patterns.
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One of the inexhaustible, clean and cheap renewable
energies is the solar energy. It is of interest to the world
due to its many benefits. There are various solar systems
such as solar pond (Alcaraz et al. 2016; Ziapour et al.
2016; Abdullah et al. 2016; Elsarrag et al. 2016), solar still
(Rajaseenivasan et al. 2013), solar heater (Tsilingiris 1996;
Mabhian et al. 2013), and solar collector (Said et al. 2013;
Milanese et al. 2016; Qarony et al. 2018; Karuppuchamy
et al. 2013; Gulzar et al. 2018) for capturing and converting
solar energy into other energies, namely, thermal energy or
electricity, which are suitable for human uses. One of the
most widely used equipment to collect and store solar energy
is the solar ponds; they can be used for heating, cooling,
water desalination, or electricity generation (Rajaseenivasan
et al. 2013; Abdullah et al. 2016; Elsarrag et al. 2016; Boz-
kurt et al. 2015; Liu et al. 2015; Assari et al. 2015; Michael
and Iniyan 2015; Salata and Coppi 2014; Tsilingiris 1996).
Among them, salinity gradient solar ponds (SGSPs) are one
of the most common because of their stability and preven-
tion of convection current from the bottom to the top of the
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pool due to the strong salt concentration gradient achieved
using mineral salts such as NaCl (Abdullah et al. 2016; Kho
et al. 1991; Li et al. 2000), Na,CO; (Kurt et al. 2006; Lund
and Keinonen 1984), KNO; (Leshuk et al. 1978; Subhakar
and Murthy 1994; Lund and Keinonen 1984), MgCl, (Lund
and Keinonen 1984; Keren et al. 1993; Subhakar and Mur-
thy 1991), etc. (Lund and Keinonen 1984; Hassairi et al.
2001; Murthy and Pandey 2003; Pawar and Chapgaon 1995;
Banat et al. 1994). Therefore, it is very essential to conduct
research on such solar ponds. An SGSP is a pool of salty
water which collects and stores the solar radiation. These
solar ponds contain three layers of saltwater with different
densities. The absorbed sun’s light energy is extracted from
a storage layer (the bottom layer of the solar pond), whose
temperature reaches up to 60 °C (Mahian et al. 2013) or
more (if the pond walls are perfectly insulated), and can be
used for power generation, heating and salt-water desalina-
tion without any emission of greenhouse gases.

There is already a considerable body of the literature
regarding the problem of designing, modeling, and con-
structing SGSPs. Liu et al. (2015) experimentally and
numerically investigated the thermal performance of the
mini-trapezoidal solar pond. Their numerical results showed
that the temperature of the trapezoidal solar pond was about
5 °C higher than that in the rectangular one. In addition,
heat losses from the lower layer decreased in the trapezoi-
dal structure. Similarly, the effect of the solar pond cross-
sectional structure on heat storage was also investigated by
Assari et al. (2015). They demonstrated that the maximum
temperature in the rectangular cross-sectional pond was
3 °C higher than that in the circular one. The stability of
Na,COj; solar pond was investigated by Kurt et al. (2006).
Their results revealed that convection from the bottom to the
surface of the solar pond was suppressed by density gradient
achieved using Na,COj; salt. They noted that to store heat
in the pond, a density gradient with a 12% salinity range
from the bottom to the surface of the solar pond was neces-
sary. Temperature distribution in an insulated solar pond
was calculated during the day and night times, showing that,
depending on the temperature difference, there was a large
amount of heat losses between day and night times (Karak-
ilcik et al. 2006). Thermodynamic analysis based on energy
and exergy of solar ponds was also investigated (Dehghan
et al. 2013; Bozkurt et al. 2015). Dehghan et al. (2013) stud-
ied the energetic and exergetic performance of the square
and circular cross-sectional solar ponds. They illustrated
that the circular cross-sectional pond had a higher thermal
performance than the square one. Energy efficiency for the
heat storage layer of the circular pond was 2.15% greater
than that of the square one.

A major challenge that has caused solar pond not to
become commercial is the low efficiency of the heat storage
inside its lower layer and conversion of it to thermal energy
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or electricity (Rashidi et al. 2017; Karakilcik et al. 2006;
Liu et al. 2015). Many researchers have already worked on
solar ponds, although the improvement and optimization of
the efficiency, performance, and construction of solar ponds
are still a challenge for the researchers and designers all over
the world. One of the most effective factors that can enhance
thermal efficiency in solar ponds related to the thermal and
optical properties of the liquids that form the lower layer of
the ponds. After the appearance of nanofluids, which are
stable suspensions containing nano-sized particles, in recent
years, the application of nanoparticles to increase the effi-
ciency of solar systems has been investigated (Chen et al.
2017; Milanese et al. 2016; Rativa and Gémez-Malagén
2015; Michael and Iniyan 2015; Al-Nimr and Al-Dafaie
2014; Mahian et al. 2013; Said et al. 2013; Ladjevardi et al.
2013; Karunamurthy et al. 2012).

The studies addressing the effects of nanoparticles on
the performance of solar systems are chiefly related to solar
collector devices (Mahian et al. 2013). The majority of the
studies in this field have shown that using nanoparticles, the
thermal performance of solar collectors could be increased
(Mahian et al. 2013; Tyagi et al. 2009). To increase the solar
absorption efficiency, the thermal energy of visible and
infrared region lights must be absorbed by tuning the fluids’
optical properties. Metallic, metallic oxide, carbon nano-
tubes, graphite, and graphene were added to usual fluids to
promote their optical properties. Rose et al. (2017) deduced
that the solar radiation absorbance of the ethylene glycol/
graphene oxide nanofluids increased with concentration of
nanoparticles. The authors have shown that the 0.012 vol%
nanofluid could be suitable to achieve the maximum absorp-
tion and the least reflectance over the visible wavelength.
Optical properties of metal oxide nanoparticles, namely,
7ZnO, CeOz’ and Fe, 03, in gas-based nanofluids, which are
nanoparticles mixed with a gas basis such as Air, N,, He,
etc., have been measured, showing that for high temperature
applications, up to 500 °C, and the absorption coefficient
of nanoparticles could not be changed significantly (Milan-
ese et al. 2016). Therefore, gas-based nanofluids containing
metal oxide nanoparticles could be suitable for use as the
working fluid in the concentrated solar power plants (Milan-
ese et al. 2016). Many investigations have been carried out
to probe the effect of nanoparticles effect on the thermal effi-
ciency of solar collectors, while studies on the applications
of nanofluids inside the solar pond layers are very limited
(Al-Nimr and Al-Dafaie 2014). In reference (Al-Nimr and
Al-Dafaie 2014), authors simulated a two-layer nanofluids
solar pond. Their results showed that nanofluids increased
the thermal efficiency and the storage capacity of the nano-
fluid pond.

The efficiency of a solar pond depends on the heat losses
through its side walls and the bottom and the absorption of
the solar radiation. The performance of the solar pond can
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be improved with the heat gain from solar radiation. Increas-
ing the absorption coefficient is the most important way to
enhance the solar heat gain in the solar pond. Since the nano-
fluids are a kind of superior heat transfer fluid (Shahmoham-
madi and Beiki 2016) with good optical properties, the aim
of this study was to investigate the effect of nanofluids on the
thermal performance of an experimental solar pond.

Based on the literature review, there have been no experi-
mental studies on the use of nanofluids as the lower layer
of the solar ponds. However, in this study, we have tried to
fill a gap in the literature by investigating the effect of three
different types of nanoparticles, i.e., Si0,, Fe;0, and ZnO
supplied by US research nanomaterial (USA), on the thermal
performance of a lab-scale solar pond.

Suspensions’ preparation and stability

To prepare nanofluids as the working fluid for doing the
tests, the two-step method was used. In this method, nan-
oparticles were gradually added to the saline solution, to
avoid granulation (Beiki et al. 2013). By considering water
volume in the bottom layer of the pond (5000 mL), suspen-
sions with the mass concentrations of 0.012%, 0.036% and
0.06% were prepared. To make a homogeneous and stable
suspension, nanoparticles were added to the base fluid in
several steps. At each step of adding nanoparticles, the spec-
imen was mixed by a magnetic stirrer for 22 min, and then, it
was kept under ultrasonic vibration (Pars Nahand Co., Iran)
for 22 min. In general, each nanofluid was both sonicated
by ultrasonic vibrator and mixed by the stirrer for about 3 h.
The procedure for preparing nanofluids has been explained
extensively in our previous work (Manouchehrian Fard and
Beiki 2016; Fard and Beiki 2017).

The properties of the mentioned nanoparticles are listed
in Table 1. To characterize the nanofluids containing the
mentioned nanoparticles, dynamic light scattering (DLS)
analysis (Cordouan Vasco3, France), and the results of Zeta
potential (CAD Zeta Compact, France) are shown in Figs. 1
and 2, respectively.

The high absolute magnitude of Zeta potential induces
higher stability of nanofluid. According to Fig. 2, the high-
est absolute value of the Zeta potential belongs to the SiO,

Table 1 Specifications of nanoparticles

nanofluids, showing that SiO, nanofluids were more stable
among the studied nanofluids.

The absorption spectrum and stability of nanofluids con-
taining various types of nanoparticles (i.e., SiO,, Fe;0,,
and ZnO) were measured by UV-Vis spectrophotometer
(Thermo-Fisher Scientific, USA). The absorbance of nano-
fluids with three different mass concentrations of nanoparti-
cles is shown in Fig. 3. It is observed that the absorbance of
nanofluids increased with nanoparticles concentrations. At
the same concentration, ZnO nanofluids had higher absorb-
ance values, as compared to SiO, and Fe;0, nanofluids over
the UV-Vis spectrum. As can be seen in Fig. 3, the peak
value of the absorbance for ZnO, Fe;0, and SiO, nanofluids
was around 379, 399, and 370 nm, respectively.

According to the Beer—Lambert law, the absorbance and
concentration of a sample could have a linear pattern. The
Beer—Lambert law is usually written as

A= aCx, (H
where A is the absorbance, « is the absorption coefficient
depending on the wavelength, C is the concentration of the
sample, and x is the light path length.

For the purpose of investigating the nanofluids stability,
for each nanofluid, six different nanoparticles’ concentra-
tions were prepared. Then, the peak value of absorption is
measured and is plotted in Fig. 4. Regarding each nanofluid,
this figure shows that absorbance—concentration experimen-
tal data have a linear trend consistent with the Beer—Lambert
law. Using the MATLAB R2014a software, line-fitting was
done. Characteristics of the fitted lines (i.e., slopes and inter-
cepts) are listed in Table 2.

Nanofluids are homogeneous, stable, and dilute col-
loidal suspensions containing nanoscale particles. A very
crucial characteristic of nanofluids is the stability of nan-
oparticles inside a hosting fluid to create a homogeneous
phase. Indeed, homogeneity and stability are the advantages
of a nanofluid, as compared to the suspensions containing
micro- and millimeter-sized particles. When nanoparticles
settle out, the nanofluid is converted from a homogeneous
state to a heterogeneous one, and it can no longer be called
the nanofluid. The precipitation leads to dropping the nano-
fluid efficiency due to the decrease in the concentration of
nanoparticles dispersed in the base fluid, the increase of the
required pumping power, blockage of the channels, and so

Nanoparticles (cata-  Size (nm) Specific surface Color Purity Density (g/cm3) cp J/kg K) k (W/m K)

log number) area (mz/g)

Si0, (US3438) 20-30 180-600 White 99+% 24 710 1.45

Fe;0, (US3220) 20-30 40-60 Dark brown 98+% 5.1 670 80.4

ZnO (US3590) 10-30 20-60 White 99+% 5.606 495.2 13
&ﬁ;ﬁ;ﬁ @ Springer
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Fig. 1 DLS analysis of nanoflu-
ids in number: a SiO,, b Fe;0,,
¢ ZnO
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Fig.2 Zeta-potential diagram for nanofluids: a SiO,, b Fe;0,, and ¢
ZnO

on. In this study, the stability of each nanofluid at the high-
est concentration (i.e., 0.06%) was measured over 2 weeks
after preparation. Figure 5 shows the relative nanoparticles
concentration, which is the ratio of the subsequent con-
centration of the nanofluid to that of the fresh nanofluid. It
could be concluded that all nanofluids were stable up to 5
days, with the maximum sedimentation of around 16% for
ZnO nanofluids, and less than 10% for the SiO, nanofluid. It
could be said that all prepared nanofluids were suitable for
use in the experimental solar pond, because the solar pond
reached the stable layers of salt after 3 days and the thermal
equilibrium after 2 days of exposure to light. According to
Fig. 5, SiO, nanofluid was more stable than other nanofluids.
This could also be deduced from the density of the nano-
particles dispersed inside the hosting solution. According
to Table 1, ZnO nanoparticles had a higher density when
compared to other nanoparticles. Therefore, although ZnO
nanoparticles were smaller in size, they were clustered faster
due to the higher density and the formation bigger agglomer-
ates with the smaller Brownian motion (Beiki et al. 2013a,
b). It is obvious that nanoparticles’ clusters are more mas-
sive than well-dispersed nanoparticles, leading to the faster
precipitation.

According to Fig. 5, for the ZnO nanofluid, the fastest
sedimentation occurred (i.e., 28% after 14 days), while the
maximum sedimentation of less than 18% was obtained for
the SiO, nanofluid at the same time. It may be said that,
without adding any surfactant, all nanofluids had good sta-
bility and dispersion.

Experimental setup and procedures

One of the solar ponds that is widely used on large scale
to produce warm water and trap solar energy is SGSP. In
general, SGSP consists of three layers (zones). The upper
convective zone (UCZ) consists of the least level of salin-
ity (almost 3%) and almost constant temperature closed to
ambient temperature. In the lower convective zone (LCZ),
the heat is collected and stored. The amount of salinity and
temperature are constant and maximum in the LCZ. In the
non-convective or gradient zone (NCZ), the temperature
and salinity increase from upper to lower layer. Because this
layer has enough salinity gradient, heat transfer from the
LCZ to the UCZ occurs by conduction instead of convection.

To examine the effect of nanoparticles on the LCZ tem-
perature, an SGSP with the surface area of 33.5 x 20 cm?
and the depth of 50 cm was made. Figure 6 shows the sche-
matic diagram of the experimental setup. The SGSP used
in this study had been made of a 6 mm glass. To decrease
the heat losses from the side walls and the bottom of the
pond, using thermal insulations was crucial to reduce the
heat transfer from the walls. For this purpose, polyurethane
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Fig.3 UV-Vis spectrum
absorption of different concen-
tration of nanofluids: a SiO,, b
Fe;0,, ¢ ZnO
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Fig.4 Experimental absorbance—concentration data and trend lines
for each nanofluid

Table 2 Fitted lines’ characteristics

Material type Slope Intercept R?
Si0, nanofluids 16.46 —0.06613 0.9988
Fe;0, nanofluids 6.131 0.5742 0.9904
ZnO nanofluids 81.21 0.01062 1

Fig.6 Schematic diagram of experimental SGSP (more color inten-
sity equivalent to more salinity concentration)

Table 3 Specifications of the primary layers of the pond

150 200 250 300 350
Time (h)

Fig.5 Sedimentation rate for the most concentrated nanofluids (i.e.,
wt.% =0.06%) at the stagnation conditions

foam was used as a thermal insulation material. A 500 W
Osram halogen lamp was used to simulate sunlight in the
laboratory. The Sun simulator was located 40 cm above
the pond’s surface. For the better absorption of radiation,
the bottom of the pond was painted black. To measure the
density of saltwater and determine the salinity gradient at
each 5 cm interval, some hoses were contrived for sampling
(S1-S8 in Fig. 6). Eight thermometers (K-Type) were also
used to read the temperature with an accuracy of +0.1 °C at
the same level as the sampling hoses.

To create a salinity gradient in the pond, sodium chloride
with a minimum purity of 99.4% (Sodeh, Iran) was used.

Layer no. Density (g/cc) Layer volume Thickness (cm)
(ce)
0 1.22 5000 ~8
1 1.17 1700 2.5
2 1.16 1700 2.5
3 1.14 1700 2.5
4 1.13 1700 2.5
5 1.11 1700 2.5
6 1.09 1700 2.5
7 1.08 1700 2.5
8 1.06 1700 2.5
9 1.04 1700 2.5
10 1.03 1700 2.5
11 1 3200 ~5

To fill the pond, layers with different concentrations of salt
should be prepared and slowly added to the pond. In fact,
gradually adding layers to the pond would avoid mixing lay-
ers. Table 3 shows the layers characteristics. The thickness
of the upper, gradient, and storage zones of the SGSP was
selected about 5, 25 and 8 cm, respectively.

/
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After filling the pond, the salinity gradient was raised in a
stepwise manner; then, upon the passage of time (some days)
and the mixing of the salt layers, along with the gradual dif-
fusion of salt to the higher layers, we would have a linear
concentration profile. From sampling hoses, some samples
were taken from different layers by syringe (10 mL) and the
sample density was measured using pycnometer 10 +0.2 mL
and digital laboratory balance with an accuracy of +107% g.
Each density measurement was done in triplicate, and den-
sity values corresponded to the average of three measure-
ments. The maximum standard deviation for three meas-
urements was 0.23%; it was close to the uncertainty value
(0.2%) calculated by Eq. (2):

< (xiom, \
> (—’—Ex) : ©)
M ox;

i=1

Ey =

where E); is the maximum uncertainty in M quantity, N is
the number of independent variables (measured quantity), x;
is the independent variable, and E,; is the measurement error
in x;, which is the ratio of the measuring device’s accuracy
to the minimum amount of measurement.

The changes in the salinity gradient on different days,
after filling the pond, are shown in Fig. 7. The salt gradient
difference between the upper and lower regions of the pond
was about 0.22 g/cm®. The range of the salt gradient differ-
ence between the upper and lower regions of the pond in this
study is similar to what had been reported in (Dehghan et al.
2013; Alcaraz et al. 2016). According to the conducted stud-
ies, to produce an appropriate temperature gradient in the
SGSP containing the NaCl-water solution, this difference
should be at least 0.216 g/cm3 (Kurt et al. 2000).

As can be seen in Fig. 7, due to the evaporation from
the upper layer and the salt diffusion from the bottom layer
to the upper layers, the salt concentration increased in the
upper layers and decreased in the lower layers. These effects

1.25
—t=0
—o—t=1 day
1.4 t=3 day 1
—A =10 day
115
“g
2
&
a 1.1
1.05]
1 i i i i i i
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Fig. 7 Salinity gradient along the pond height
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could lead to a reduction in the slope of the salinity gradient
inside the pond.

After ensuring the stability of the saltwater layers, the
solar pond was placed under the sun simulator light. At the
specified time interval, the temperature in different layers
was read and recorded. To ensure the stability testing of
the pond, sampling was done from the saltwater solution by
the sampling hoses, and the density and temperature were
recorded for each sample.

Results and discussion

Figure 8 shows the changes in the temperature at various
times throughout the solar pond. During the testing, due
to the increase in the temperature of the pond layers and
the evaporation phenomenon, the pond’s water height was
decreased from 35.7 cm to 29.3 cm. Hence, the evapora-
tion rate from the SGSP surface was about 6.4 cm/day. To
compensate for evaporation and to prevent salt concentration
increase (via salt diffusion from the lower layers to the upper
layers) at the solar pond surface, fresh water was gradually
added to the pond using plastic piset and distributed via a
sheet of expanded polystyrene (EPS) floating on the water
surface when the fresh water was added. Since the pond was
located in a laboratory setting, the surrounding temperature
fluctuations during the test were about 2.5 °C. The pond
temperature reached the steady state after 48 h of exposure
to light.

Since the lamp was near the pond surface, with starting
the test and turning on the lamp, the upper layer temperature
was raised; then upon the passage of time, its temperature
reached the stable conditions. Under steady-state conditions,
the difference in temperature between the upper and lower
layers of the pond was about 6.5 °C which is similar to what
had been reported in (Kurt et al. 2006).

- -0
t=12h
25F =~ =24 h 4
——t=36h
~€¢t=48 h
20 L E
Eis
=
10}
5 L
20 25 30 35 T 40 45

T(C)

Fig.8 Solar pond temperature distribution at various times
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Fig. 10 Storage layer temperature vs. time for a SiO, nanofluids, b
Fe;0, nanofluids, and ¢ ZnO nanofluids

The effect of the mentioned nanoparticles on the tem-
perature distribution along pond is shown in Fig. 9. The
effect of nanoparticles with the mass percentages of
0.012%, 0.036%, and 0.06% was studied. According to
Fig. 9, the solar pond temperature increased with nanopar-
ticles loading. At the same nanoparticles’ concentration,
ZnO nanoparticles had a better performance than other
nanoparticles.

Figure 10 shows the changes in the LCZ temperature over
time. According to the surrounding temperature, after about
48 h of light exposure, the LCZ temperature was increased;
then, it was not changed by the passage of time. It could be
seen that zinc oxide nanoparticles stored higher energy in the
LCZ in comparison with other nanoparticles. By using ZnO,
Fe;0,, and SiO, nanoparticles inside the LCZ, the maxi-
mum augmentation of the LCZ temperature in the nanofluids
LCZ, as compared to the salt-water LCZ, was about 14.91%,
13.07%, and 9.75%, respectively.

The presence of nanoparticles inside the LCZ leads
to an increase in its thermal conductivity. Therefore, the
uniform temperature distribution is obtained in the LCZ,
whereby heat transfer from the pond decreases. For this
situation, the time to achieve thermal equilibrium condi-
tions in the pond was decreased, with the maximum of
about 9 h.

The intensity of artificial sunlight that reached the sur-
face of the water column was decreased with increasing
the depth. This decline was worse due to the presence
of salinity and turbidity in water. Part of the light which
penetrated into the saltwater was absorbed by the UCZ
and NCZ layers and scattered due to the presence of the
dissolved matter. When the particle size parameter (PSP)
was much less than one, the scattering light portion was
ignored. The PSP is written as

rd,

where d,, is the nanoparticles average diameter (from DLS
analysis) and 4 is the wavelength. At the peak of absorption,
the PSP for SiO,, Fe;O,4, and ZnO nanofluids was 0.488,
0.309, and 0.248, respectively. Hence, the ZnO nanofluids
had the lowest PSP value among the studied nanofluids. As
a result, it is expected that ZnO nanofluids absorb most of
the light radiation.

Since the bottom of the SGSP was painted black, it
could be assumed that a very little portion of light was
reflected by the bottom wall. Therefore, the main portion
of the light emitted into the pond was trapped by the LCZ,
leading to the increase of the LCZ temperature.

The SGSP energy performance, said thermal efficiency,
is defined as the ratio of energy storage in the LCZ during
the experiment to the total energy reached to the LCZ in
that time. According to the conducted studies (Ruskowitz
et al. 2014), supposed that 68% of the total thermal energy
fallen on the surface of the SGSP reached the LCZ-NCZ
interface. Therefore, thermal efficiency is obtained by the
following equation:

pAhc,AT

=—r 4
0.68xG’ @)

n
where p=1.200 g/cm? is salt-water density, A =670 cm? is
the SGSP surface area, h=~ 8 cm is the depth of the LCZ,
¢, is the specific heat capacity of the saltwater and calcu-
lated from Eq. 5, AT is the temperature difference between
the start and the end of the test and G~ 5.1 MJ is the total
light radiation fallen on the SGSP surface during the test.
Since the worst case was considered in the calculations, the
smallest temperature difference, i.e., the difference between
the minimum LZC temperature and the maximum ambient
temperature, was used to calculate the thermal efficiency.
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The specific heat capacity of saltwater can be determined
as follows:

cp = 4180 — 4.39 ¢ + 0.0048 ¢2, 5)

where c is the salt concentration in kg/m?>.
Therefore, the thermal efficiency of the SGSP is
= L2 S = 0.1182 or 11.82%. Thermal effi-
ciency was obtained within a reasonable range and showed
that the SGSP seems to operate well.
Thermal efficiency enhancement ratio is defined as the ratio
of the SGSP thermal efficiency with nanofluids LCZ to that

with salt-water LCZ.:

_ pnfcp“fATnf 6
B pcpAT (6)
where nanofluids properties (namely, density and specific

heat capacity) can be calculated according to the following
equations (Shahmohammadi and Beiki 2016):

Pt = @pp + (1 = @)pys (7
(p(pcp),; +(1 - (p)(pcp)bf

c, = , (3)
Dot Pnf

where ¢ is the nanoparticles volume fraction, and subscripts
nf, p, and bf refer to nanofluids, nanoparticles and based
fluid. In this study, the based liquid is the saline solution.

The volume fraction of nanoparticles can be evaluated by
the following formula:

_1+&<L_1)’ ©))

where ®, is the nanoparticles mass fraction.

The thermal efficiency enhancement ratios for different
nanofluids, in all nanoparticles concentrations, are tabulated
in Table 4 for comparison. In all concentrations, the thermal
efficiency enhancement ratio for the ZnO nanofluids LCZ was
greater than that for other nanofluids, thereby confirming that
ZnO nanoparticles, among other nanoparticles, could be more
effective to be applied in the solar ponds.

Finally, opaque ZnO nanofluids could have extraordinary
optical properties, with a great potential to be used in the solar
systems, especially in the solar ponds. This was because for
this nanofluid, good stability, low light transparency and scat-
tering, and the maximum time reduction to reach equilibrium
were observed.
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Table 4 Thermal efficiency enhancement ratio for various nanofluids

Nanoparticles Mass percentage  Volume percentage E (%)

type (%) (%)

Sio, 0.012 0.006 10.81
0.036 0.018 16.20
0.06 0.03 24.30

Fe;0, 0.012 0.003 8.11
0.036 0.009 18.92
0.06 0.014 28.64

ZnO 0.012 0.003 21.62
0.036 0.008 27.02
0.06 0.013 35.13

Conclusion

In this study, thermal energy storage in the LCZ of the
small-scale laboratory SGSP was evaluated using a simple
and inexpensive method. Three different types of nanoflu-
ids with various nanoparticles concentration were prepared
by dispersing SiO,, Fe;O0,, and ZnO nanoparticles inside
the saline water as hosing solution. The effect of the men-
tioned nanoparticles dispersion inside the LCZ, as well as
the effect on the LCZ temperature and thermal efficiency of
the SGSP was studied. After 3 days of filling the pond, the
salinity gradient was formed and this gradient was stable.
The salinity of the layers in the pond was maintained dur-
ing the experiments. The thermal efficiency of the SGSP,
without nanoparticles, was about 11.8%, showing that it had
an excellent design and contracture. All nanofluids well-
stable with maximum sedimentation of 16% after storage
for 5 days at stagnant conditions. The nanofluids absorption
and concentration showed the linear trend and consistent
with the Beer—Lambert law. By increasing the nanoparticles
concentration, the transparency of the nanofluids decreased,
resulting in decreased transmittance. Using the mentioned
nanofluids as the LCZ caused the LCZ temperature to be
increased; subsequently, it could be concluded that more
energy was stored in this layer. The maximum augmenta-
tion of the LCZ temperature in nanofluids compared to the
based fluid was about 35.13% for 0.06% ZnO nanofluid.
The thermal efficiency enhancement ratio increased with
nanoparticles concentrations. As expected, the maximum
enhancement ratio occurred for 0.06% ZnO nanofluid. By
comparing the performance of the mentioned nanofluids, it
could be concluded that among all nanofluids, 0.06% zinc
oxide nanofluids was more effective. This was because this
nanofluid with the opaque white color had nearly zero trans-
mittance. The transmittance of 0.06% ZnO nanofluid was
less than 4% over the UV-Vis spectrum. It could be said
that the main part of the emitted light energy was absorbed
with this nanofluid.
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