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Abstract: For solar thermal harvesting, an experimental study was performed on the thermal ab-
sorption performance of water-based carbon nanotubes (CNTs), Cu, and Al,O3 nanofluids using a
halogen lamp-based thermal radiation system. The effect of nanoparticle concentrations (0.01 wt.%,
0.1 wt.%, and 1 wt.%) on the nanofluid dispersion, stability, and thermal absorption characteristics
was investigated, and a comparative analysis was performed for each type of nanofluid. All types
of nanofluids increased the absorbance and electrical conductivity with increasing nanoparticle
concentration, which contributed to improving the thermal absorption performance of nanofluids.
The results showed that the thermal absorption performance was high in the order of carbon-based
nanofluids (CNTs), metal-based nanofluids (Cu), and oxide-based nanofluids (Al,O3). In CNTs
nanofluids, the thermal absorption performance expressed the time reduction rate, which was 12.8%,
16.3%, and 16.4% at 0.01 wt.%, 0.1 wt.%, and 1 wt.% test cases, respectively. Therefore, the 0.1 wt.%-
CNTs nanofluid is more economical and appropriate. However, in Al,O3 nanofluids, the time
reduction rate of the 1 wt.% nanofluid was significantly higher than that of the 0.01 wt.% and 0.1 wt.%
nanofluids. In Cu nanofluids, unlike CNTs and Al,O3 nanofluids, the time reduction rate constantly
increased as the nanoparticle concentration increased.

Keywords: nanofluid; nanoparticle; alumina; carbon nanotube; copper; dispersion; stability; absorp-
tion; solar energy; heat transfer

1. Introduction

Owing to the continuously increasing energy consumption and undesirable conse-
quences of environmental pollution, researchers need to develop environmentally friendly,
clean, and sustainable energy resources, such as solar, wind, and geothermal energy. Solar
energy reaches Earth mainly through radiation and convection, and it is mainly harvested
through photovoltaic (PV) and photothermal (PT) systems. PV technology faces many
challenges because of its high manufacturing costs, low cell efficiency, and the inability
to utilize the primary spectrum of incoming sunlight [1]. By contrast, unlike PV system:s,
PT solar systems absorb a broad spectrum (nearly 95%) of incoming solar radiation based
on an absorbing medium, making it the most straightforward, economical, and practical
approach to harness solar energy [2,3]. The total solar radiation coming to the Earth’s
surface per year has been reported to be equal to 1800 teraton standard coal [4].

One of the main methods of collecting solar energy is through a solar collector, which
is the most basic method. However, depending on the size of the solar collector and the
collection method, the efficiency varies significantly. A general solar collector has a black
surface, absorbs solar energy, and collects and converts energy [5]. The energy absorbed
in this way is collected by receiving energy from the working fluid flowing through the
built-in tube. Through this process, the collection efficiency of solar energy varies greatly
depending on the amount of absorption and the energy transfer fluid [6]. Nanofluids that
can significantly change a wide range of working fluid properties (light absorption and
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thermal conductivity) are considered the best option for solar collector applications [7].
There is an extensive review of the utilization of nanomaterials for increasing the efficiency
of flat plate solar collectors [8]. Research on the effects of flow mixing and nanomaterial on
heat transfer enhancement in solar collector systems has been published [9-11]. Therefore,
various nanoparticles such as carbon-(CNTs and graphene), metal-(Ag, Au, and Cu), and
oxide-based (Al,O3, CuO, SiO;, TiO,, and ZnO) nanoparticles are mixed with the working
fluid (water, alcohol, oil, etc.) to manufacture nanofluids. In particular, the investigation of
the effect of the concentration and type of nanoparticles on the heat absorption performance
of nanofluids is essential [12-16].

Wang et al. [4] reported that the nanofluid of carbon black (or Chinese ink) has a
surprisingly higher efficiency of photothermal conversion than Cu and CuO nanoparticles.
Yousfi et al. [17,18] used water-based Al,O3 and multiwalled carbon nanotubes (MWCNTs)
nanofluids as working fluids for flat-plate solar collectors, demonstrating that both nano-
materials have higher thermal collection efficiencies than water. Kim et al. [19] reported
that the thermal conductivity increased with respect to the nanofluid concentration, and
the thermal efficiency of the solar collector improved in the order of MWCNTs, CuO, Al,O3,
TiO,, and SiO;. Lee et al. [20] reported that, compared with the water-based system, the
thermal and electrical efficiencies of a photovoltaic thermal system using CuO/water as a
nanofluid increased by 21.30% and 0.07%, respectively. Filho et al. [21] reported that the
thermal efficiency increased by 52%, 93%, and 144% for silver nanoparticle concentrations
of 1.62, 3.25, and 6.5 ppm, respectively. He et al. [22] reported that Cu/water nanofluids
have good thermal absorption ability for solar energy. The highest temperature of the
Cu/water nanofluid (0.1 wt.%) can increase up to 25.3% compared to deionized water.
Faizal et al. [23] showed that a higher density and lower specific heat of nanoparticles led
to higher thermal efficiency. The CuO nanofluid had the highest value compared to the
SiO,, TiO,, and Al,O3 nanofluids.

Recently, Lee et al. [24] investigated the effect of nanoparticle concentration (0.1 wt.%,
0.3 wt.%, and 0.5 wt.%) on the solar thermal absorption performance of Al,O3/water
nanofluids in an actual environment. They concluded that the temperature increases for
the 0.1 wt.%, 0.3 wt.%, and 0.5 wt.% alumina nanofluids were 3.1%, 12.5%, and 13.9%
higher, respectively, than distilled water (DW). Shin et al. [25] reported that, in the same
experiments of [24], the temperature increases for the 0.01 wt.%, 0.05 wt.%, and 0.1 wt.%
CNTs/water nanofluids were 13.6%, 18.2%, and 22.1% higher than that of DW, respectively.
Both studies suggested that the efficiency could be further improved by using different
types of nanoparticles and dispersion methods in addition to alumina and CNTs nanofluids.
Constant solar thermal radiation is required in absorption performance experiments to ob-
tain more consistent quantitative data for different types and concentrations of nanofluids.
In addition, as discussed above, many studies have been conducted on the solar thermal
absorption performance evaluation for individual nanofluids, but there have been few
studies that comprehensively evaluated the thermal absorption performance of carbon-,
metal-, and oxide-based nanofluids.

Therefore, in this study, the thermal absorption performance of nanofluids was com-
pared to that of DW for different types and concentrations of nanofluids by continuously
supplying a halogen lamp-based thermal source. To investigate the effects of the types and
concentrations of nanoparticles on the thermal absorption performance of the nanofluids
(carbon-, metal-, and oxide-based nanoparticles), CNTs, Cu, and Al,O3 nanoparticles were
mixed with DW as the base fluid at weight ratios of 0.01 wt.%, 0.1 wt.%, and 1 wt.%. The
thermal absorption performance was compared and analyzed with the time reduction
rate by measuring the time required for each nanofluid to reach the same temperature
(20-50 °C).



Energies 2021, 14, 4875

30f12

2. Materials and Methods
2.1. Preparation of Nanofluids

DW was used as the base fluid to manufacture three different types of nanofluids.
Then, the nanoparticles, namely carbon nanotubes (CNTs), copper (Cu), and aluminum
oxide (AL;O3), were mixed into the DW. Although nanofluids use many types of nano-
materials, we selected CNTs, Cu, and Al,O3 as the representative samples of carbon-,
metal-, and oxide-based nanoparticles, respectively, because water-based CNTs, Cu, and
Al,O3 nanofluids are commonly applied to solar thermal systems [13,26]. The Al,O3, CNTs
(multiwalled type), and Cu nanoparticles were purchased from Sigma-Aldrich, Carbon
Nano-Material Technology, and Nano Technology, respectively. Table 1 lists the proper-
ties of the nanoparticles [27-30]. The nanoparticle sizes reported by the providers were
~100 nm for Cu, ~50 nm for Al,O3, and ~20 nm for CNTs with a length of ~5 pm. The
concentrations of nanoparticles dispersed in the DW (0 wt.%) were 0.01 wt.%, 0.1 wt.%,
and 1 wt.% for 300 mL of nanofluid. The total volume of the working fluid was 1000 mL in
previous studies [24,25]. The total volume of the working fluid was reduced to 300 mL to
obtain rapid results in this experiment, which can shorten the experimental time required to
obtain the results. Figure 1 shows images of CNTs nanofluids with varying concentrations
(0.01 wt.%, 0.1 wt.%, and 1 wt.%). Left- and right-side images represent nanoparticles
and mixtures of nanoparticles and DW, respectively. For example, as shown in Figure Ic,
1 wt.% of nanofluid was prepared by mixing 297 g of DW and 3 g of CNTs nanoparticles.
For minimized sedimentation and maximized nanoparticle dispersion, the nanofluids were
ultrasonicated for 2 h using an ultrasonic cleaner (SK5200GT, LABOTEC Co., Ltd., Seoul,
South Korea) at 35 kHz and 200 W, as described in Ref. [31].

Table 1. Properties of different nanoparticles and base fluid used in the experiment [27-30].

. Specific Heat, C, Thermal Conductivity, Density, p
Material (/kgK) (W/mK) (kg/m?)
Multiwalled carbon
nanotubes (CNTs) 796 3000 1600
Copper (Cu) 385 401 8940
Alumina (Al,O3) 773 40 3960
Base fluid, distilled 4197 613 997

water (DW)

Figure 1. CNTs nanofluid of varying concentrations. (a) 0.01 wt.%, (b) 0.1 wt.%, and (c) 1 wt.%.

2.2. Analysis of Dispersion Characteristics and Electrical Conductivity of Nanofluids

The UV /Vis spectrophotometer (X-ma-3100, Human Corporation Co., Ltd., Seoul,
South Korea) was used to investigate the dispersion characteristics of six different nanoflu-
ids with nanoparticle concentrations of 0.01 wt.%, 0.1 wt.%, and 1.0 wt.% in a total of 18 test
cases. The spectrophotometer used in this study provides absorbance data that effectively
analyze the degree of dispersibility of the nanofluids. The absorbance of each nanofluid
was measured at 25 °C. The electrical conductivity (EC) of the nanofluids was measured
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using an EC meter (CM-25R, DKK-TOA Co., Ltd., Tokyo, Japan) at 50 °C. The EC meter
used in this study was a contacting-type sensor with a titanium-palladium alloy electrode.
Before the EC measurements, calibration was performed with standard potassium chloride
(1.41,12.86 uS/cm).

2.3. Halogen Lamp-Based Solar Simulator

Figure 2 shows the photothermal energy conversion experimental setup. In Figure 2a,
to make a thermal source similar to solar thermal radiation, 15 halogen lamps (300 W x 15
= 4500 W) were installed with a power supply and data logger. A thermal collector
containing nanofluids was placed directly beneath the lamp array. Assuming that the
thermal radiation of the lamps was received vertically, the side of the nanofluid container
was insulated. The fluid temperature was measured inside the nanofluid using K-type
thermocouples, and the measurement location was kept constant. All nanofluids were
supplied with insolation under the same conditions. The temperature was measured every
2's, and the experiment was performed at nanofluid temperatures ranging from 21.4 °C to
50.4 °C. The thermal performance of the nanofluid was compared using the time taken to
reach the target temperature of 50.4 °C. The experimental equipment was installed indoors
to minimize the external factors. In addition, to prevent the sedimentation of nanoparticles,
a fan and a DC motor were used at a 9 V and 325 rpm, respectively, as shown in Figure 2b.
The schematic diagram of the experimental setup is shown in Figure 2c.

. Data logger

. Power supply (DC 9V)
. Thermocouple

. Halogen lamp (15 ea)
DC motor

. Properller

. Pyranometer

NP WN =

:

7 7 T T o
777 oy

(c)

Figure 2. Pictures of the photothermal energy conversion experimental setup. (a) Halogen lamp
light source solar simulator, (b) detail of the thermal collector, and (c) schematic diagram of the
experimental setup.

South Korea is located between 35.9° N latitude and 127.7° E longitude, and the aver-
age monthly solar radiation is estimated to range from 2.56-5.48 kWh/m? [32]. Figure 3
shows the instantaneous solar radiation measured in Tongyeong City, South Korea, for the
selected dates in September 2018. The solar radiation was measured using a pyranometer
(MS-802, EKO Instruments Co., Ltd., Tokyo, Japan). The level of thermal radiation fluctu-
ated with time and date; however, for most of the day, the highest radiation occurred at
around 13:00. The maximum solar radiation was approximately 800 W/m?. Therefore, in
this study, more than 800 W/m? of thermal radiation was supplied by 15 halogen lamps for
the thermal absorption of nanofluids. The same pyranometer was used to measure thermal
emitted from the light source, as shown in Figure 3. Figure 4 shows the thermal radiation
color map for different measurement positions. By adjusting the distance between the halo-
gen lamps and the thermal collector, the height of the lamp that generated approximately
870 W/m? of thermal radiation was found, and the experiment was conducted by locating
the thermal collector at that point.
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Figure 3. Measured solar radiation in Tongyeong City, South Korea.
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Figure 4. Thermal radiation colormap on halogen lamps and photograph of pyranometer. The
marked x represents the center position of the lamps array.

3. Results and Discussion
3.1. Dispersion Characteristics of Nanofluids

The dispersion characteristics of the three nanofluid groups with different nanopar-
ticle concentrations were compared for absorbance in the visible wavelength range of
400-700 nm. Figure 5 shows the absorbance of nanofluids with different nanoparticles
(CNTs, Cu, and AL;O3) and their blending ratios as a function of wavelength. The ab-
sorbance tends to decrease slightly with increasing wavelength, but the decrease in ab-
sorbance with wavelength is not significantly different for all test cases, as shown in
Figure 5a—c. However, the absorbance of each nanofluid showed a significant difference
according to the nanoparticle concentration. As the concentration of the nanoparticles
increased, the absorbance of the nanofluid showed a tendency to increase. In addition, the
increase in absorbance differed according to the nanoparticle type. In the carbon-based
nanofluid (CNTs), as shown in Figure 5a, the absorbance showed a similar level in between
0.1 and 1.0 wt.% of nanoparticle concentrations. However, in the metallic nanofluid (Cu),
as shown in Figure 5b, it was confirmed that the absorbance gradually increased as the
concentration of nanoparticles increased. The test case of oxide-based nanofluid (Al,O3),
as shown in Figure 5c, showed a similar trend to that of the metallic nanofluid as the
concentration of nanoparticles increased.
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Figure 5. Vis absorbance spectra of nanofluids with three different nanoparticle concentrations
(where “1 wt.%” indicates distilled water 99 wt.% + 1 wt.% of a certain type of nanoparticles).
(a) Multiwalled carbon nanotube, (b) Cu, (c) Al,O3, and (d) absorbance at 600 nm.

The absorbance was compared at a wavelength of 600 nm to clarify the effects of
the nanoparticle type and concentration on the absorbance characteristics, as shown
in Figure 5d. As the concentration of nanoparticles increased, the dispersibility of the
nanofluid improved. The dispersibility of nanofluids showed different impacts of in-
creasing nanoparticle concentration depending on the type of nanoparticle. Metal- and
oxide-based nanofluids gradually increased absorbance with respect to the concentration
of nanoparticles, whereas carbon-based nanofluids showed similar absorbance levels in
the 0.1 wt.% and 1 wt.% test cases. Therefore, to improve the dispersion characteristics of
the carbon-based nanofluid with the highest dispersibility, a nanoparticle concentration
of 0.1 wt.% is more suitable than a nanoparticle concentration of 1 wt.% in consideration
of economics.

Consequently, the absorbance values were high in the order of carbon-based nanoflu-
ids, metal-based nanofluids, and oxide-based nanofluids. As expected, the CNTs nanofluid
with the lowest density and size of the nanoparticles showed the highest dispersion level, as
listed in Table 1. In contrast, the dispersion results of the Cu and Al,O3 nanofluids showed
opposite results for the density and particle size. To further clarify this, we indicate that
the zeta potential or EC measurements are needed in terms of the stability and dispersion
of nanofluids.

3.2. Electrical Conductivity of Nanofluids

The stability of the nanofluids depends on the electrostatic property, that is, the zeta
potential. Moreover, the EC can provide information about the dispersion state and stability
of nanoparticle suspensions in nanofluids [33,34]. Figure 6 shows the EC measured at 25 °C
for the three nanofluid groups with varying nanoparticle concentrations. The EC of the
nanofluids under all nanoparticle test conditions increased with increasing nanoparticle
concentration. The EC values were high in the order of carbon-based nanofluids, metal-
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based nanofluids, and oxide-based nanofluids. These results are consistent with the results
of the absorbance measurements, as shown in Figure 5. Kumar et al. [35] showed similar
results as in this study, in that the absorbance of nanofluids increased as the concentration
of nanoparticles increased, and the EC of the nanofluids was improved. The measured
value of EC for DW was 6.13 uS/cm at 25 °C, and this measurement was consistent with the
measurement of Sarojini et al. [36] in deionized water. The maximum electrical conductivi-
ties occurred at the test cases of CNTs, and their values at the 0.01, 0.1, and 1 wt.% test cases
were 16.03,24.2, and 29.1 uS/cm, respectively. For the CNTs nanofluid, the EC enhance-
ment compared to DW was approximately three times at 0.01 wt.%, four times at 0.1 wt.%,
and five times at 1.0 wt.%. However, the Al,O3 nanofluid showed the lowest improvement
in EC compared to DW. The enhancement values were by 31-58% in the nanoparticle
concentration range of 0.01-1.0 wt.%. This result is in qualitative agreement with that
obtained by Ganguly et al. [37], who reported an EC enhancement rate of approximately
10-80% in 0.5-3 vol% nanoparticle concentration ranges of A,O3 nanofluids.

— 35
E ----DW
0 3071 —o-CNT o
= A Cu
2 25+ 7 ALO o
= W
© 201
3

o i N
G 151 ) A v
(&) A—
®© 104{_ — -
O
s o | Pl e s s pemepe, s g o
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w

Nanoparticle concentration [wt%]

Figure 6. Electrical conductivity measured at 25 °C for three nanofluid groups with three different
nanoparticle concentrations.

3.3. Effects of Material Types and Particle Concentrations of Nanofluids on Thermal Performance

In the solar thermal simulation system performance experiment of nanofluids, the
temperature of the nanofluid with the ultrasonically treated nanofluid at 20 °C increased
as the light source exposure time increased. In this experiment, the thermal absorption
performance was compared and analyzed by measuring the time until the nanofluid
temperature reached 50 °C. The thermal radiation was maintained at 870 W/m?. Figure 7
shows the temperature history as a function of light source exposure time for the three
nanofluid types with different nanoparticle concentrations. For every nanofluid from
CNTs to Al,Os3, as shown in Figure 7a—c, the temperature distributions showed a similar
tendency. The temperature increased with the nanoparticle concentration and light source
exposure time. Previous studies by Boldoo et al. [38] and Chen et al. [39] obtained similar
results, and the temperature increased as the nanoparticle concentration increased. For
all samples, the temperature rise of the nanofluid was more pronounced than that of the
DW at all nanoparticle concentrations. The time taken to reach 50 °C from 20 °C of DW
was 3756 s. Table 2 summarizes the time to reach 50 °C according to the nanoparticle
concentration for each nanofluid. In Figure 7a, the shortening times for CNTs nanofluids
with different nanoparticle concentrations were 484, 614, and 618 s for 0.01 wt.%, 0.1 wt.%,
and 1 wt.%, respectively. For the three types of nanofluids, the maximum value of the
shortest time occurred in the 1 wt.% test cases. The values for CNTs, Cu, and Al,O3
were 618, 594, and 372 s, respectively, as shown in Figure 7d. The difference in improved
thermal absorption performance with different types of nanofluids is mainly due to the
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superior thermophysical properties in Table 1 and the nanofluid dispersion characteristics
(or stability), as discussed in Figures 5 and 6.
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Figure 7. Temperature profiles of nanofluids with three different nanoparticle concentrations (where
“DW” indicates 100% distilled water). (a) CNTs, (b) Cu, (c) Al,O3, and (d) exposure time at 50 °C.

Table 2. Effect of varying nanoparticle concentration on the exposure time (s) at 50 °C.

Type 0.01 wt.% 0.1 wt.% 1 wt.%
CNTs nanofluid 3272 3142 3138
Cu nanofluid 3342 3268 3162
Al,O3 nanofluid 3476 3458 3384
Base fluid, DW 3756 3756 3756

To further understand the thermal absorption characteristics of nanofluids, the effect
of nanoparticle type and the nanofluid concentration on the time reduction rate (based
on DW) to reach 50 °C from an initial temperature of 20 °C are presented in Figure 8.
At the nanoparticle concentration of 1 wt.%, the maximum time reduction rate for each
type of nanofluid was CNTs, Cu, and Al,O3, and their values were 16.6%, 15.5%, and
10.2%, respectively. In the case of carbon-based nanofluids, when the time reduction rate of
0.01 wt.% nanofluid was compared with the time reduction rate of 0.1 wt.% and 1 wt.%
nanofluid, it was found that the time reduction rate of 0.01 wt.% nanofluid was relatively
lower than that of the 0.1 wt.% and 1 wt.% nanofluids. The results of the thermal absorption
performance of the CNTs nanofluids with increasing concentrations are consistent with the
absorbance results shown in Figure 5d. Thus, adding approximately 0.1 wt.% of nanopar-
ticles is more economical than increasing the concentration of nanoparticles. This can
reduce adverse effects such as channel clogging and increased pumping force due to the
flow of nanoparticles and can reduce pipeline damage in heat transfer systems. Therefore,
according to the results of the thermal absorption performance for CNTs nanofluids in
this study, 0.1 wt.% was the optimal concentration. In the case of metal-based nanofluids
(Cu), unlike carbon-based nanofluids (CNTs), the time reduction rate increased constantly
compared to the increase in nanoparticle concentration. In the oxide-based nanofluid
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(Al,O3), the time reduction rates were 7.4%, 9.4%, and 14.1% for 0.01 wt.%, 0.1 wt.%, and
1 wt.%, respectively. Test cases for 0.01 wt.% and 0.1 wt.% nanofluids showed similar time
reduction rates, and the 1 wt.% nanofluid showed a large increase in time reduction rates.
The thermal absorption performance of the Al,O3 nanofluids with increasing concentra-
tions is consistent with the EC results shown in Figure 6. These results are different from
those of CNTs and Cu nanofluids, and it was confirmed that Al;O3 nanofluids have high
economic feasibility of 1 wt.% nanofluid. Therefore, it was confirmed that the heat transfer
performance of the oxide-based nanofluid exhibited a tendency opposite to that of the
carbon-based nanofluid.

20
— —8—CNT
= o Cu
() e AlO, S S _8
o 151 -
| S
5 O 2O
‘g’ e}
8 101 A
| iy gl g = _& —
o) PR
£
'_ 5 T T T
0.01 0.1 1

Nanoparticle concentration [wt%]

Figure 8. Time reduction rate to reach 50 °C of nanofluids with three different nanoparticle
concentrations.

The specific heat contributes to the faster and improved rate of heat transfer of the
nanofluid, which results in a lower energy requirement for the similar temperature incre-
ment that decreases the specific heat value [40,41]. The smaller the specific heat value for a
nanofluid, the less energy is required to raise the temperature [23]. The specific heat of DW
and each tested nanofluid was calculated using the following equation [40]:

QA [ At
Cp= o (AT) , (1)
where m and C, are the nanofluid (or DW in pure DW test case) and specific heat, respec-
tively, AT is the fluid temperature difference (AT = T; — T;) between the initial and final
states, At is the exposure time, A is the area exposed to the thermal radiation source of
halogen lamps, and Q is the thermal radiation intensity fixed at 870 W/m?.

Table 3 lists the specific heat variation for varying nanoparticle concentrations of
different nanofluids; as the concentration of nanoparticles increases, the specific heat of
all nanofluids decreases. This means that the higher the nanofluid concentration, the less
heat input is required to raise the temperature of the nanofluid, or the time required to
reach 50 °C with the same thermal input is reduced. For Al,O3;/water nanofluids, the
specific heat values obtained in this study were qualitatively similar to those obtained by
Pandey and Nema [42], ranging from 3430 to 4039 ] /kg °C for nanoparticle concentrations
of 2 vol.% to 4 vol.%.

In this study, the thermal absorption performance increased with increasing nanofluid
concentration. As discussed in previous studies [43—46], we can achieve much better results
if we improve the dispersibility and stability of nanoparticles. Therefore, further studies
on the preparation and application of highly dispersed nanofluids are required to obtain
better thermal absorption performance. In addition, because the geometry and size of
nanoparticles affect the dispersibility and stability of nanofluids, further studies focusing
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on the effect of the shape and size of nanoparticles on the thermal absorption performance
of solar radiation systems are needed.

Table 3. Effect of varying nanoparticle concentration on the specific heat (J/kg-°C) of nanofluids
obtained from the experiment.

Type 0.01 wt.% 0.1 wt.% 1 wt.%
CNTs nanofluid 3752 3648 3635
Cu nanofluid 3820 3752 3660
Al,O3 nanofluid 3934 3919 3862
Base fluid, DW 4200 4200 4200

4. Conclusions

This paper presents experimental studies on the thermal absorption performance
evaluation of various nanofluids in a halogen lamp-based solar simulator. The effect of
different types and concentrations of nanoparticles on thermal absorption performance
was investigated. DW was used as the base fluid, and three different types of nanoparticles
(CNTs, Cu, and Al,O3) were used as 0.01, 0.1, and 1 wt.%, respectively. The main results of
this study are summarized as follows:

(1) For the dispersion characteristics of nanofluids, the absorbance values were high
in the order of carbon-based nanofluids (CNTs), metal-based nanofluids (Cu), and
oxide-based nanofluids (Al,O3). The Cu and Al,O3 nanofluids gradually increased
absorbance with respect to the concentration of nanoparticles, whereas CNTs nanoflu-
ids showed similar absorbance levels in the 0.1 wt.% and 1 wt.% test cases. The
increment of absorbance levels at the 0.1 wt.% was 255% between CNTs and Al,O3
nanofluids and 132% between CNTs and Cu nanofluids.

(2) In all nanofluids used in the experiment, the absorbance and EC increased as the
concentration of nanoparticles increased. The maximum electrical conductivities
occurred at the test cases of CNTs, and the EC enhancement compared to DW was
approximately 300% at 0.01 wt.%, 400% at 0.1 wt.%, and 500% at 1.0 wt.%.

(3) For the thermal absorption performance, the CNTs nanofluids showed the best heat
transfer performance. The time reduction rate compared to DW at concentrations of
0.01, 0.1, and 1 wt.% were 12.8%, 16.3%, and 16.4%, respectively. Since the increase
in the time reduction rate is not large when the concentration of nanoparticles is
more than 0.1 wt.%, the 0.1 wt.% of the CNTs nanofluid is more economically suit-
able than 1 wt.%. In Cu nanofluids, unlike CNTs nanofluids, the time reduction
rate increased gradually as the concentration of nanoparticles increased. In Al,O3
nanofluids, compared to 0.01 wt.% and 0.1 wt.% nanofluids, the time reduction rate
of 1 wt.% nanofluid significantly increased. These results are in contrast to those of
CNTs nanofluids.
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