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W N e

Abstract: The building sector is targeting net-zero emissions through the integration of renewable
energy technologies, especially for space cooling and heating applications. In this regard, the use
of solar thermal concentrating collectors is of vital importance. The performance of these collectors
increases by using an efficient fluid such as a nanofluid due to their high thermal conductivity. This
research addresses the preparation, stability analysis, and characterisation of metallic and non-metallic
oxide nanofluids and their experimental analysis in a compound parabolic collector (CPC) system.
Five different combinations of nanofluids are used with different volumetric concentrations (0.025%,
0.05%, and 0.075%) including multi-wall carbon nanotube with water (MWCNT-H;O), multi-wall
carbon nanotube with ethylene glycol MWCNT-EG), aluminium oxide with water (Al,O3-H,0),
aluminium oxide with ethylene glycol (AlO3-EG), and magnesium oxide with ethylene glycol
(MgO-EG). The prepared nanofluids are characterised in terms of thermal conductivity and viscosity.
Detailed experimentation is performed to investigate the CPC system integrated with the nanofluids.
The results obtained from the detailed characterisation of the MWCNT-H,O nanofluid showed that
the nanofluids have a 37.17% better thermal conductivity than distilled water as a primary fluid,
and the MWCNT-EG nanofluid has demonstrated an increase in viscosity by 8.5% compared to
ethylene glycol (EG). The experimental analysis revealed that the thermal efficiency of the collector
integrated with the MWCNT-H,O nanofluid is increased by 33% compared to water. Meanwhile,
the thermal efficiency of the collector with MWCNT-EG was increased by 24.9% compared to EG.
Moreover, a comparative analysis among metallic nanofluids was also performed, i.e., Al,O3-H;0O,
AlyO3-EG, and MgO-EG. In each case, the thermal efficiency of the collector was recorded, which was
greater than the base fluid by percentages of 29.4%, 22.29%, and 23.1%, respectively. The efficiency
of non-metallic nanofluids is better than metallic nanofluids by 7.7%. From the obtained results, it
can be concluded that the CPC system performed best with MWCNT-H,O compared to any other
combination of nanofluids.

Keywords: metallic oxide nanofluid; non-metallic oxide nanofluid; thermal efficiency; compound
parabolic collector
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1. Introduction

Due to the global climate change, emphasis is now on clean energy sources. Clean
energy sources are not only environmentally friendly by playing an essential role in con-
trolling the rampant global warming but are also cheap in comparison to the conventional
sources of energy. Solar energy is a sustainable energy source that has the potential to be
used to meet the industrial /domestic heating and power generation demands [1]. The po-
tential for solar energy is enormous in Pakistan and its neighbouring countries, such as Iran,
Afghanistan, and India. Pakistan, for instance, has a potential for direct normal solar radia-
tion of 5.5 kWh/m?/day on average annually [2]. Throughout the year, there are almost
300 sunny days, with around 8 h of sunshine per day, especially in the Baluchistan region,
with an average daily direct normal solar irradiation of roughly 6-6.5 kWh/m? /day [3].

With the rising population and increasing demand for energy and power in the do-
mestic sector, integrating efficient solar technologies in the building sector can significantly
lessen the need for fossil fuel-driven heating applications [4-6]. For solar thermal ap-
plications, different types of solar collectors have been used to gather solar energy with
the ability to transform it into a useful output. Low-temperature applications employ
flat and evacuated tube collectors, whereas low-to-medium-temperature applications use
compound parabolic collectors. Among the concentrating collectors, the parabolic trough
collector is a proven industrial-scale heat generation technology [7]. Thermal enhance-
ment technologies such as modifying absorber tubes and/or using nanofluids rather than
standard /normal fluids can improve heat transmission between the working fluid and
the absorber tube. Applications of nanotubes can also be found in adsorption cooling
and desalination systems, as they have the potential to enhance their performance [8-10].
Nanofluids usually have higher density, viscosity, and thermal conductivity than traditional
fluids such as water, but a lower specific heat capacity. One of the positives is increased
heat conductivity, while one of the negatives is the greater viscosity of nanofluids. When
nanofluids are used, the required pumping power increases [11].

Extensive literature is available on the application of nanofluids in solar energy usage.
The use of nanofluid as SFT has shown potential, for instance, for a collector area of 0.828 m?
having a concentration ratio of 4.17, the performance of the Al;O3-H,O nanofluid in CPC
has been reported. The length of the evacuated tubes used for the experimentation was
1.85 m. A temperature difference of 10 °C resulted in a 19% increase in efficiency compared
to water as a heat-transfer fluid [12]. Another study examined MWCNTs with plasma
and acid-functionalised groups for high-temperature applications with temperatures up
to 150 °C when dispersed in propylene glycol and Therminol-55 [13]. Acacia gum and
oleic acid were utilised as the surfactants for the water and Therminol-66, respectively, in
the two-step procedure used to prepare MWCNT-water and Therminol-66 nanofluid with
weight concentrations from 0.05% to 0.5%. The water and Therminol-66-based nanofluids
with 0.5% weight concentration had maximum thermal conductivities of 35.7% and 37.67%,
respectively [14].

In evacuated tube solar collectors, MWCNT-water nanofluid has been employed with
weight fractions of 0.005%, 0.01%, and 0.05%. At a flow rate of 1 L/min with the 0.05 wt%
MWCNT-water nanofluid, the maximum average energy and exergy efficiency were
55% and 10%, respectively [15]. This study produced Al,Oz-solar glycol + water-based
nanofluids at three different volumetric concentrations, namely 0.15%, 0.35%, and 0.45%,
with ultrasonication times ranging from 30 to 70 min. As a surfactant, oleic acid is employed
to improve the stability of the nanofluid. A UV-Vis spectrophotometer, zeta potential, and
visual examination are used to establish the nanofluid’s stability. The nanofluids have a
shelf life of over 45 days [16]. The preparation of nano-PCM by dispersing functionalised
graphene nanoplatelets with deionised water was investigated as the impact of volumetric
flow rates and heat transfer fluid (HTF) input temperature on the total charging and
discharging time of a 35-spherical energy storage tank. The most significant decrease in
overall charging and discharging time for various HTF settings is, respectively, 18.26% and
22.81%. The amount of latent heat energy stored is approximately 5.5 times greater than
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the amount of sensible heat stored at the HTF temperature of 4 °C. A total energy recovery
of 2637 k], or 85.89%, of the actual energy stored (3070 kJ) in the storage tank, is recorded
during the discharging process [17]. In this work, multi-walled carbon nanotubes based on
Therminol-55 are synthesised at volumetric concentrations of 0.09, 0.18, and 0.3 vol% with
ultrasonication periods ranging from 30 to 120 min. An increase in the sonication period of
up to 120 min improves the colloidal stability of the nanofluid. The colloidal stability of the
nanofluid was tested one month after formulation using a zeta potential investigation and a
visual inspection approach [18]. SWCNT-DI water nanofluids with concentrations of 0.05,
0.1, and 0.2 vol% were employed in evacuated tube solar collectors. At a 0.2 vol% SWCNT-
DI water nanofluid concentration, the highest efficiency enhancement was reported to
be 10% [19]. Another research study investigated the MWCNT-water nanofluid with
nanoparticles of diameter 1040 nm having 29 nm length to test the efficiency of a flat-plate
solar collector at 0.01, 0.05, and 0.1 wt% concentrations. MWCNT-water nanofluids with
0.01, 0.05, and 0.1 wt% concentrations at a 1.5 L/min flow rate enhanced efficiency by 16%,
21%, and 34.13%, respectively [20]. A prepared SWNT-water nanofluid was employed
in an evacuated tube solar collector at flow rates of 0.008, 0.017, and 0.025 kg/s with
volume concentrations of 0.05, 0.1, and 0.2 vol%. The experiment followed the guidelines
of ASHRAE Standard 93-2003 [21]. The highest collector efficiency for the SWCNT-water
nanofluid at a flow rate of 0.025 kg/s is reported at 93.43% with 0.02 vol% and 71.84% [22].
In flat-plate solar collectors, SWNCT-water nanofluids at concentrations of 0.1 and 0.3 vol%
were utilised with sodium dodecyl sulphate as a surfactant. Compared to water, which had
maximum energy and exergy efficiencies of 42.07% and 8.77%, respectively, the flat-plate
solar collector’s energy and exergetic efficiencies are reported to increase up to 95.12% and
26.25%, respectively [23]. The discussion on the use of different materials (both metals and
non-metals) for the preparation of nanofluids is primarily linked with the enhancement
of thermal conductivity caused by the nanoparticles. In this regard, Table 1 provides a
comprehensive summary of the thermal conductivity of metallic and non-metallic oxide
nanofluids as reported in different literature and research works.

Water-based nanofluids comprising different nanoparticles including CuO, Al,Os3,
TiO,, SiO,, MWCNTs, and GNP, are reportedly used in flat-plate solar collectors with a
0.75% volume concentration at a flow rate of 0.025 kg/s. The highest energy efficiencies
of the collector for MWCNT-water, GNP-water, CuO-water, Al,O3_water, TiO,—water,
and SiO,—water are reported as 23.47%, 16.97%, 12.64%, 8.28%, 5.09%, and 4.08%, respec-
tively [24]. In another study, a stable MWCNT-water nanofluid is employed in the parabolic
trough collector to study the thermal energy gain by the MWCNT-water nanofluid by
5.2%, 7.3%, and 7.2%, compared to water at flow rates of 0.0069, 0.0138, and 0.0207 kg/s,
respectively [25]. In liquid flat-plate solar collectors, the GGNP-water nanofluid with
weight concentrations of 0.025%, 0.05%, and 0.1% was utilised at flow rates of 0.8, 1.2, and
1.5 L/min, respectively. With 0.1 wt% of GGNPs and at 1.5 L/min flow rate, the maximum
efficiency improvement for liquid flat-plate solar collectors is reported at 24.09% [26]. Using
0.05 wt% of MWCNT-water nanofluid in both evacuated tubes and flat-plate collectors,
another study reported the maximum average energy efficiencies of 95% and 55% for
flat-plate and evacuated tube, respectively, at a 0.020 kg/ms flux rate [27]. The stable
SWCNT-Therminol® nanofluid is also used in another study as a working fluid for a
parabolic trough solar collector at 0.25, 0.5, 1, and 2.5% volumetric concentrations. A
thermal efficiency increase up to 4.4% is reported for up to 2.5 vol% of nanoparticles
concentration at a 28 m3 h™! flow rate [28]. While comparing metallic and non-metallic
nanoparticles, a research study used water-based carbon and metallic oxides nanofluids
in a flat-plate solar collector with various volume fractions (0.25, 0.5, 0.75, and 1 vol%)
at 0.0085, 0.017, and 0.0255 kg/s mass flow rates. The highest efficiencies were 64.45%,
67.03%, 72.45%, and 76.56% for SiO,—water, Al,Osz—water, Gr—-water, and GNPs-water,
respectively [29].

For non-water-based nanofluids, a study utilised a stable alcohol-based TiO; nanofluid
as a heat-transfer fluid in heat pipes. The investigation claims a 10.60% thermal efficiency
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at a 0.10 vol% TiO, nanoparticles concentration, which is reportedly higher than alcohol
as a working fluid [30]. Another investigation on the blending metallic and non-metallic
nanoparticles reported used of MWCNT-Fe3O, dispersion in distilled water with 0.1% and
0.3% particle concentrations, respectively. Hybrid nanofluids offer controllable variation of
thermal conductivity with different hybridisation ratios. The maximum increase in thermal
conductivity was observed at 60 °C with a 0.3% particle concentration in the base fluid [31].
Another reported result used a refrigerant-based TiO; nanofluid with a 0.1% nanoparticles
concentration. The heat pipe used for the investigation was a straight copper tube with an
outside diameter of 15.600 mm, and it was tilted at an angle of 60°. Heat pipe efficiency is
reportedly 1.40 times greater than that of pure refrigerant as a working fluid [32].

For the solar thermal collector application, different hybridisation and variations of
nanofluids have been reported as heat-transfer fluids. In this regard, numerous observations
of successful use of different hybrid and mono nanofluids are reported in the literature.
For instance, a research work used stable Al,O3—water and TiO,-water nanofluids at
the same concentration of 0.1 wt%. Using the simple nanofluids Al,Os—water, TiOp—
water, and a combination of these two nanofluids (hybrid), each expressed a maximum
thermal efficiency improvement of 19%, 21%, and 26%, respectively [33]. In a research
study, an Al,Oz-water nanofluid with volume concentrations varying in the range of
1-3% was employed in a “two-phase” closed thermosyphon. When the Al,Os—water
nanofluid was used instead of pure water, the maximum efficiency was raised by 14.7%. [34].
One study employed direct-absorption solar parabolic trough collectors with a 0.2 vol%
Al,O3.0.008 vol% CuO-water hybrid nanofluid. The greatest thermal efficiency of the
solar collector was 48.03% [35]. Stable Fe30,~ (EG-water) nanofluids were used in FPSC
at 0.2, 0.6, and 1.0 vol% concentrations. A maximum efficiency improvement of 15.27%
at 1.0 vol% Fe3O,4 with a flowrate of 30 L/h was recorded [36]. In another research, the
CeO,—distilled water nanofluid was utilised in flat-plate solar collectors with particle
concentrations of 0.0167%, 0.0333%, and 0.0666% by vol. A maximum collector efficiency
improvement of 10.74% was noted for the 0.066% CeO,—water-nanofluid [37]. In FPSC,
the Al,Os—water nanofluid with nanoparticle concentrations of 0.1, 0.5, 1, 2, and 3 vol%
was employed. The maximum efficiency enhancement was of 18% at high-temperature
differences [38]. In a separate study, the stable MgO-distilled water nanofluid with weight
concentrations of 0.25, 0.5, 0.75, 1.0, 1.25, and 1.5 wt% was utilised in FPSC. The maximum
thermal conductivity was of 9.34%, and the maximum exergy efficiency was of 32.23%
for a 0.75 vol% nanoparticle concentration at 1.5 L/min flow rate [39]. In a different
application, Al,Os—water nanofluid was utilised in a direct-absorption solar collector with
concentrations of 0.001, 0.005, 0.01, and 0.05 vol%. The highest increase in efficiency was
of 39.6% for the 0.05 vol% Al203-water nanofluid [40]. In another research study, the
CuO-water dispersed nanofluid with 3% volumetric concentration was used in FPSC. A
38.5% maximum enhancement in efficiency was noted [41]. The above-mentioned literature
provides a great deal of overview on the successful use of hybrid and mono nanofluids
with a focus on solar thermal applications. In this regard, Table 2 summarises the literature
studies on the stability of metallic oxides, non-metallic oxides, and hybrid nanofluids as a
comprehensive guide.
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Table 1. Summary of comparison of thermal conductivity of metallic and non-metallic oxide nanofluids.

Average Particle Volumetric Thermal
Reference Base Fluid Nanoparticles . . Conductivity
Size Concentration
Enhancement
Xuan et al. [42] Water Cu 100 nm 7.5% 78%

Lee et al. [43] Water Al,O3 33 nm 4.3% 15%
Hong et al. [44] EG Fe 10 nm 0.55% 18%

Xie et al. [45] Water SiC 26 nm 4.2% 16%
Patel et al. [46] Water Ag 60-80 nm 0.001% 17%
Choi et al. [43] EG Cu 10 nm 0.3% 40%
Patel et al. [46] Water Au 10-20 nm 0.026% 21%

Lee et al. [43] Water CuO 36 nm 3.4% 12%

Xie et al. [47] EG-Water MWCNT 15 nm 1% 20%

Assael et al. [48] Water MWCNT 100 nm 0.6% 38%
Choi et al. [49] Synthetic oil MWCNT 25 nm 1% 150%
Murshed et al. [50] Water TiO, 15 nm 5% 30%

Table 2. Comparison of stability of nanofluid with respect to the preparation method.

.. . . .. Stability o1
References Nanoparticles  Base Fluid Stlrrmg Time Ho.m ogeniser Son:ucatlon Study Sta?nhty
(min) Time/min Time/H Duration/Day
Method

Gupta et al. [51] CU-CNTs DI Water 15 30 1 Zeta potential 7
Choudhary et al. [52] Al O3 DI Water - - 3 pH 16
Kakati et al. [53] AL O3 DI Water 10 - - pH 4-5
Li et al. [54] Ag, Au Water 60 - - Zeta potential 60
Chen et al. [55] AlL,O3 Paraffin 30-45 - 2.75-3.5 Zeta potential 60
Esmaeili et al. [53] AIN-C EG 60 - 0.5 Zeta potential 90

- Zeta potential,
Chen et al. [56] MWCNT DI Water 45 - 1 UV-Vis, 60
Mukesh Kumar . . Visual
etal. [57] MWCNT Engine oil 30 - 1 observation 30
Afzal et al. [58] Zn0O DI Water 35 - 2-8 Zeta potential 74
Ilyas et al. [52] MWCNT Thermal oil - 30 1 Vlsual. 30
observation

Hamid et al. [59] TiO,-Si0, EG-Water 180 - 2 pH 14
Teng et al. [53] MWCNTs Water 110 30 1 Zeta potential 30
Yousefi et al. [60] MWCNTs DI Water - - 0.5 pH 10

It is evident from the literature mentioned above that nanofluids are integrated into
solar collectors for the enhancement of thermal efficiency. However, it is clear from the
extensive literature review that no study is reported related to comparative experimental
and characteristic analysis of metallic and non-metallic-based nanofluids with multiple
base fluids (water and ethylene glycol) in CPC applications. A single comparative ground
basis/application for different types of nanofluids (with varying particle types, ratios,
and base fluids) is required for future reference. Therefore, in this study, the stability
and characterisation of metallic and non-metallic oxide-based nanofluids are investigated
here. Moreover, the experimental investigation of CPC is carried out at two different flow
rates of 0.025 kg /s and 0.015 kg/s by using nanofluids based on metallic and non-metallic
oxides (MWCNT-H,O, MWCNT-EG, Al,03-H,0, Al,O3-EG, MgO-EG) with multiple
volumetric concentrations, i.e., 0.025%, 0.05%, and 0.075% as primary heat-absorbing fluids
for the subtropical climate conditions. At the same flow rates, the results are also compared
to conventional fluids such as water and ethylene glycol.

2. Materials and Methods: Selection and Preparation of Nanofluids

This section discusses nanoparticle selection, base fluids, the nanofluid preparation
method, and colloidal suspension characterisation. Additionally, the experimental setup
and the main performance measures used to estimate the performance of CPC solar collec-
tors are described. Figure 1 shows a flow diagram of the research activities. Testing in CPC
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Figure 1. Research activity flow diagram.

2.1. Selection of Nanoparticles

The nanoparticles are chosen based on two essential criteria: nanoparticle viscosity
and thermal conductivity, after dispersion in conventional heat-transfer fluids. MgO
nanoparticles exhibit the greatest thermal conductivity gain, lowest viscosity, and highest
thermal conductivity among other metallic oxide-based nanofluids. When ethylene glycol is
utilised as the base fluid, Al,O3 nanoparticles perform better than MgO and other different
metallic oxide-based nanofluids. Moreover, in non-metallic nanoparticles, MWCNT offers
relatively higher thermal conductivity, low viscosity, and density. Distilled water and
ethylene glycol were chosen as the base fluids for these three nanoparticles. US Research
Nanomaterials, Inc. provided pure nanoparticles with a 20 nm average diameter. Table 3
contains a list of the nanoparticles’ properties.

Table 3. Nanoparticle properties [61].

Properties AL O3 MgO MWCNT
Morphology (v) Spherical Spherical Aligned shape
Average diameter (nm) 20 20 10-20
Particle colour White White Black
Particle density (kg/m?) 3890 3580 2100
Particle-specific heat (J/kg.K) 880 1030 796
Thermal conductivity (W/m.k) 36 42 3000

2.2. Preparation of Nanofluids

The current study used a two-step process for synthesising nanofluids. An ultrasonic bath,
a magnetic stirrer, and an Ultra-Turrax shear homogeniser are employed in the preparation
process to synthesise nanofluids such as MWCNT-H,O, MWCNT-EG, Al,O3-H,0, Al,Os—
EG, and MgO-EG at different volumetric concentrations (0.025, 0.05, and 0.075%).

First, a precise analytical digital scale with 0.01 mg accuracy was used to calculate the
weight of the nanoparticles. Nanoparticles were placed into the base fluids and physically
mixed with a glass stirring rod before being dispersed into the base fluids using a magnetic
stirrer at 60 °C and up to 900 rpm. The Ultra-Turrax shear homogeniser is utilised at high
rpm to better homogenise the mixture. Sodium dodecyl benzene sulphonate (SDBS) is
presently used as a surfactant in nanofluids and in a bath sonicator for up to two to three
hours at a frequency of 40 kHz to erase the clustering of the nanoparticles. Table 4 shows the
complete specifications of the instruments utilised in this study to synthesise the nanofluids.
Figure 2 represents the step-by-step preparation of the nanofluids. In order to reduce the
harmful effects of surfactant addition, the surfactant is used in precise quantities since
many researchers have found that too much surfactant causes foaming on the surface of the



Energies 2023, 16, 1298

7 of 24

nanofluids, which is a barrier to improving their overall efficiency. The anionic surfactant
called SDBS is also utilised to stabilise nanomaterials, as suggested in the literature. It is
compatible with water and EG [62-64]. All the nanofluids are prepared without adjusting
the pH. Table 5 shows the detailed equipment operating speed, temperature, time, and
stability duration of the nanofluids used in this study.

Table 4. Specifications for equipment used in nanofluid preparation and characterisation.

Name

Model Specifications

Analytical balance

Minimum display: 0.01 mg; standard deviation: 0.1 mg;

AWU-220D Shimadzu response time: 2-14 s; measuring capacity: 0-83 g.

Hot plate magnetic stirrer

SCILOGE Temperature range: 20-380 °C; stirring capacity: 2 dm?;
MS-H380-Pro temperature range accuracy: £1 °C; maximum speed: 1400 rpm.

Shear homogeniser

Permissible ambient temperature: 5-40 °C;

ULTRA-TURRAXT25 speed range: 3000-25,000 rpm; volume range: 1-2000 dm3.

Ultrasonication FSE-020S Ultrasonic frequency: 50 Hz; effective ultrasonic power: 100 W;
bath heat output: 400 W; temperature range: 30-80 °C.
pH meter edge® pH HI2002 pH range: —2.0-16.0 pH; temperature Range: —20.0-120.0 °C.
Rotary theometer RHEOTEST Torque resolution: 0.002 mNm; viscosity range: 1-3 x 109 mPa-s;
y RN 5.1 temperature range: —60-200 °C.
Measuring cup diameter: 38 mm; rotor length: 52.56 mm, viscosity
. . RHEOTEST .
Cylinder measuringsystem range: 20-105 mPa-s, rotor diameter: 35.04 mm, shear rate range:
RN 5.1 1
0-1300s™".
Th 1 conductivit i : —50-150 °C; 1 £10%;
ermal conductivity TEMPOS Sensor operating range: —50-150 °C; accuracy: £10%;

analyser

thermal conductivity range: 0.02-2 W/mK.

(b) (d)

Figure 2. Step-by-step nanofluids preparation: (a) weight balance; (b) magnetic stirring; (c) shear

homogenisation; (d) ultrasonication.

2.3. pH Measurement

The pH measures the relative amount of free hydrogen (H+) and hydroxyl (OH-)
ions in the water. The amount of hydrogen and hydroxyl ions present determines the
water’s acidity or basicity. The water is assumed to be neutral at a pH of 7.0 and is a
critical indicator for investigating water purity. The pH of aqueous-based nanofluids is
directly influenced by the nanoparticle concentration, and it fluctuates in relation to the
sedimentation and aggregation of nanoparticles within the host base fluids. The relative
change in pH can be used as a standard tool for assessing nanofluid dispersion stability.
The pH of the nanofluids was carefully monitored over time while avoiding any disruption
of the nanofluids, and the temperature of the nanofluid samples was kept constant at
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30 °C. The concentration of nanoparticles inside the materials under study was measured
throughout using standard samples of nanofluids with known concentrations and the
associated pH as a reference. The stability of the nanofluids” dispersion is significantly
impacted by the pH of the colloidal system. Due to the fact that very low pH (especially
less than 4.0) or high pH (typically more than 9.0) may cause corrosion and cause heat
transfer devices to malfunction, neutral nanofluids are preferred. In any nanofluids system,
corrosion is likely to introduce impurities, which lowers the stability of the nanofluids and
limits their thermal performance. The inner area (stern layer) and the outer region of the
base fluid surrounding the nanoparticles are separated by a thin layer (diffuse layer). At
the intersection of these two layers, there is a potential known as zeta potential [65]. The
zeta potential, which shows the electrical charge density on the surface of the nanoparticles,
is closely related to the pH of the fluid. The strength of the attractive or repulsive forces
between particles depends on the density of electrical charges on their surfaces. These forces
vary with any pH shift, which interferes with the stability of the nanofluids. Nanoparticles
have no net electrical charge at a specific pH level, and the associated zeta potential is
zero. The electrostatic forces between the nanoparticles are no longer strong enough to
keep them apart at this point. This point is referred to as the system’s point of zero charge
(PZC) or isoelectric point (IEP). At this point, the zeta potential is strong, particle clotting
is almost negligible, nanoparticle aggregation and sedimentation are at their highest at
pH levels far from IEP, and a stable suspension results. The stability of the nanofluids
can be impacted by the concentration of nanoparticles and the inclusion of surfactants,
which can change the pH of the nanofluids from the corresponding IEP. The IEP values for
Al,O3, MgO, and MWCNT nanofluids are 9.2, 13.0, and 4.0, respectively [66]. According
to the figure, the calculated values had an error of up to 0.002 pH. The main details of the
pH meter’s specifications are listed in Table 4. It demonstrates the measuring system’s
maximum accuracy and the accuracy of the results recorded for the correct assessment of
nanofluid stability using this method.

Table 5. Nanofluid sample preparation condition.

. Particle . Operating Time Operating Speed
Nanofluids Concentration Surfactant Equipment Used (Hours) and Temperature
Magnetic Stirrer 1 800 rpm, 60 °C
Al,O3-H,0 0.025-0.075% SDBS Ultra-Turrax T25 0.5 9000 rpm
Ultrasonic Bath 2 Up to 60 °C
Magnetic Stirrer 1 800 rpm, 60 °C
AlLO3-EG 0.025-0.075% SDBS Ultra-Turrax T25 0.5 9000 rpm
Ultrasonic Bath 2 Up to 60 °C
Magnetic Stirrer 1 800 rpm,
MgO-EG 0.025-0.075% SDBS Ultra-Turrax T25 0.5 9000 rpm
Ultrasonic Bath 2.5 Up to 60 °C
Magnetic Stirrer 2 900 rpm, 70 °C
MWCNT-H,0 0.025-0.075% SDBS Ultra-Turrax T25 0.5 15,000 rpm
Ultrasonic Bath Up to 70 °C
Magnetic Stirrer 2 900 rpm, 40 °C
MWCNT-EG 0.025-0.075% SDBS Ultra-Turrax T25 0.5 15,000 rpm
Ultrasonic Bath 3 Up to 70 °C

2.4. Thermal Conductivity Measurement

It is still challenging to assess the nanofluids’ thermal conductivity with sufficient
accuracy. Therefore, the techniques used to calculate thermal conductivity must have as low
errors and uncertainties as possible. Another source of contradictory results is convection
errors in the liquid medium. Hence, the measurement duration should be kept as short as
possible to avoid this problem. The transient hot wire (THW) technique has drawn the best
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consideration of all the described methods due to its high accuracy; it measures rapidly
and records repeatable data. Conduction distributes heat from the sensor submerged in
the nanofluid to the surrounding area. The nanofluid’s thermal conductivity determines
the temperature increase caused by this heat input. A thermal conductivity result will be
more reliable if the device’s measured error is less than 0.01 or 1.0%. Convection errors
can be reduced or eliminated by placing the sensor probe vertically in the centre of the
sample holder and establishing a thermally and acoustically stable environment around the
sample holder. Using the thermal properties analyser TEMPOS (Meter Group, USA), the
thermal conductivity of metallic and non-metallic oxide nanofluids was calculated in this
study, known as KD2 Pro [67]. For an accurate assessment of the thermal conductivity of
nanofluids, each measurement was taken 4-6 times, and the average of the data was utilised
for the study. The KS-3 sensor was used in this experiment. The main technical details of
the KS-3 thermal analyser and sensor are shown in Table 4. A special stainless-steel sensor
called the TEMPOS KS-3 is designed to measure the thermal conductivity of the nanofluids.
The sensor was validated with a known thermal conductivity glycerin solution to obtain
reliable thermal conductivity measurements. The calibration findings revealed a less than
1.0% inaccuracy. The nanofluid sample container has the sensor vertically positioned in the
middle of it.

2.5. Viscosity Measurement

Nanofluid viscosity is critical because it causes a significant pressure to drop in heat-
transfer equipment and requires more pumping power. The measurement of the viscosity of
the nanofluids with sufficient accuracy is a complex issue, and researchers have employed
many types of viscosity-measuring tools to accomplish this. Viscometers and rheometers
are well-known devices used to measure the viscosity of nanofluids. Each instrument
has its drawbacks and difficulties. Working with nanofluids makes things more difficult
since the types of nanoparticles scattered in the base fluid behave differently depending on
the operating constraints. A rheometer is used in this study to determine the viscosity of
nanofluids (Rheotest RN 5.1) [68] at 20, 40, and 60 °C in conjunction with a LAUDA ECO RE
620 [69] for device temperature stabilisation. Table 4 contains the key specifications detail
of the rheometer. The study of the flow properties and deformation of matter is known as
rheology. It displays a stress—strain connection between neighbouring fluid layers when
subjected to an external force. A rheometer is a particular device that measures large ranges
of stress, strain, and strain rate while studying the material of interest under controlled
environmental conditions held in a limited geometrical configuration. The rheometer
can measure the rheological behaviour of various nanofluids under various shear stress
and shear strain conditions. The effects of temperature, shear rate, nanoparticle size, and
volume concentration of the base fluid’s nanoparticles on the viscosity of nanofluids are
examined in this experimental investigation.

2.6. Key Performance Indicators

A system’s thermal efficiency is used to determine how efficiently it performs, i.e.,
how much heat is transformed into electricity or work [62].
The CPC’s thermal efficiency is determined using:

_ Qu
T="qa.

The usable solar thermal collector gain is determined using the following equation:

)

Qu = it % Cp x (To — Ti) 2
The solar energy that enters the collector is obtained through

Qs = As*x G 3)
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2.7. Experimental Setup and Measurement Procedure

The experimental test arrangement for the current inquiry includes a CPC trough
installed on a steel frame, storage tanks, and accompanying plumbing, as shown in Figure 3.
The polished stainless steel and non-magnetic reflective sheet used to build the CPC trough
are riveted to the ends of steel strips twisted into compound parabolic forms. The size
and concentration ratios of a solar collector system affect its performance. This collector
has a concentration ratio of 4.17 and a collecting area of 0.8 m?. The evacuated tube has a
surface area of 0.2 m? and a length of 1.85 m. The specifications of the compound parabolic
collector are listed in Table 6. The compound parabolic collector is oriented East-West
throughout the experiment because more sunshine hours are available in this direction.
Seasonal tilt is required for the receiver to capture incident radiation effectively. In the CPC,
experiments with nanofluids and working fluids such as water and EG are conducted in
closed loops.

Figure 3. Experimental setup.

Table 6. Solar system design parameters.

Parameter Input Value
Collector area 0.828 m?2
Aperture width 0.4456 m
Aperture length 1.858 m
Collector fin efficiency 0.7
Half acceptance angle 24°
Truncation ratio 0.2
Concentration ratio 417
Absorber length 1.858 m
Incident radiations 945 W/m?
Glass outer diameter 60 mm
Thickness 2.5 mm
Absorber outer diameter 34 mm

With the support of a pump, cold fluid is introduced into the absorber, which even-
tually boosts fluid temperature by exchanging heat with the absorber tube. A hot fluid
storage tank collects this hot fluid and returns it to the absorber’s intake side. Temperature
is measured using K-type thermocouples positioned at the absorber’s input and exit. The
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fluid flow is measured using a flowmeter connected to an Arduino. The Pyranometer is
used to measure the sun radiations every hour. The ambient temperature is measured
using a fibre optic temperature sensor. To ensure mixing and avoid stability issues, the
nanofluid must be prepared after each experiment before the next day’s experimentation.
The investigation runs from 10:00 a.m. to 3:00 p.m. for six hours daily.

2.8. Uncertainty Analysis

Uncertainty analysis of the CPC collector is performed to check for errors in the
collector’s experimentally obtained results. The root sum square (RSS) method is employed
for this purpose. Due to the fact that efficiency is a function of mass flow rate, temperature,
and solar radiation, these variables are utilised to assess system uncertainty. The list of
sensors applied in the experimentation and their uncertainty are listed in Table 7. The
theoretically calculated uncertainty of CPC came out as 2.6%. The RSS method is described
in Equation (4) as mentioned below.

[ { G e { @]

Table 7. Instrumentation used during experimentation and their uncertainty.

Parameter Measuring Instrument Uncertainty
Solar radiations Pyranometer £2%
Inlet, outlet, and ambient temperatures K-Type thermocouple +£0.1°C
Flow rate Water flow meter +2%

3. Results and Discussion

This section of results and discussion includes experimental results from measure-
ments of the metallic and non-metallic oxide nanofluids” dispersion stability, thermal
conductivity, and viscosity. Under a wide range of real-time climatic conditions, the
thermal efficiency of the system and the temperature difference are used to assess the
performance of the nanofluids.

3.1. Stability and Characterisation Analysis of Nanofluids

Visual photography and pH testing were used to assess the stability of metallic and
non-metallic oxide nanofluids. The thermal conductivity and viscosity of the generated
metallic and non-metallic oxide nanofluids were determined at various volumetric con-
centrations and temperature ranges. Viscosity and thermal conductivity enhancement are
compared to the reference values for base fluids, water, and ethylene glycol.

3.1.1. Visual Stability

A digital camera was used for the visual photography, which was conducted at regular
intervals. In order to determine the sedimentation rate, the clear section of nanofluids in
a glass vial was calculated due to nanoparticle settling. This is a conventional method
and is a direct and fast way to estimate any signs of nanoparticle sedimentation with
the uniform dispersions of nanofluids [66]. However, this method cannot predict the
quantitative estimates of the nanoparticle sedimentation or accumulation. Figure 4a—d
shows the visual stability of MWCNT-H,O, MWCNT-EG, Al,O3-H,0, Al,O3-EG, and
MgO-EG nanofluids right after preparation and after 20, 30, 40, and 60 h, respectively. The
noted observation proved the stability of all nanofluids.
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Figure 4. Visual stability with 0.075 vol% (a) after preparation, (b) after 20 h, (c) after 40 h, (d) after 60 h.

3.1.2. pH Measurement

MWCNT nanoparticles in distilled water, increasing the pH of the nanofluid, are
shown in Figure 5a. A similar behaviour was noted in MWCNT-EG, as shown in Figure 5b
and Al,03-H,0O, Al,O3-EG, and MgO-EG nanofluids shown in Figure 5c—e, respectively.
This study also found a clear relationship between the concentration of nanoparticles and
the pH of nanofluids. In order to determine the nanoparticle sedimentation rate, the pH
of the nanofluid sample was compared to the pH of the reference samples created for this
purpose. Over a 40 h period, the highest drop in volumetric concentration for the MWCNT-
H,O nanofluid was 6.4% at 0.075 vol%. Over a 60 h observation period, the volumetric
content of Al,O3-H,0, Al,O3 -EG, MWCNT-EG, and MgO-EG nanofluids dropped by
6.46%, 13.18%, 4.6%, and 12%, respectively. This demonstrates the measurement device’s
greatest precision and the correctness of the recorded findings for estimating the stability
of nanofluids using this approach.
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Figure 5. Variation in maximum pH (a) MWCNT-H,O (b) MWCNT-EG (c) Al,O3-H,O (d) Al,O3—

EG (e) MgO-EG.

3.1.3. Thermal Conductivity Analysis

The thermal conductivity of the nanofluids was measured at 30 °C using the TEMPOS
thermal analyser device at volumetric concentrations of 0.025, 0.05, and 0.075%. The
temperature was stabilised using a hot water bath. Due to the fact that the volumetric
concentration of particles and the thermal conductivity of the nanofluid have a direct
relationship, the thermal conductivity increases as the volume percentage of particles in
the base fluid increases. The dispersion stability of the nanofluid is crucial due to little
or weak dispersion, due to which the KS-3 sensor’s needle may become a stick with
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nanoparticles, which may cause the thermal conductivity value to fluctuate, and results will
not be according to expectation. The thermal conductivity ratio of the MWCNT-H,O and
MWCNT-EG nanofluids is show in Figure 6a. Distilled water has a thermal conductivity of
0.6194 W/m K. At a 0.075 vol% concentration, the greatest thermal conductivity increase for
the MWCNT-H,O nanofluid is of 37.17%. The maximum rise in thermal conductivity ratio
in the case of the MWCNT-EG nanofluid was recorded at 35.57%, temperature of 30 °C,
and nanoparticles concentration of 0.075 vol%. Figure 6b represents experimental data on
the thermal conductivity ratio of the Al,O3-H;,0O, Al,O3-EG, and MgO-EG nanofluids. The
AlO3-EG nanofluid thermal conductivity ratio lies in the range of 1.07389-1.40448 W/mK.
At 30 °C, ethylene glycol has a thermal conductivity of 0.2544 W/mK. The maximum
thermal conductivity enhancement is 33.64% at 0.075 vol% concentration in the case of the
AlyO3-EG nanofluid. Figure 6b shows the thermal conductivity of the MgO-EG nanofluid
at three volumetric concentrations. At a 0.075 vol% nanoparticle concentration, the greatest
thermal conductivity improvement of 33.91% is obtained. As a reference, the thermal
conductivity of ethylene glycol is 0.2544 W/mK at 30 °C. The MgO-EG dispersion stability
is crucial in thermal conductivity measurements since it is more stable than the Al,O3/EG
nanofluid. Figure 6¢ shows the evaluation of the thermal conductivity of metallic and non-
metallic oxide nanofluids. MWCNT-H,O nanofluids have maximum thermal conductivity
with high nanoparticle concentrations, and Al,O3-EG nanofluids have minimum thermal
conductivity compared to other nanofluids.
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Figure 6. Variation in thermal conductivity ratio with different volumetric concentrations at 30 °C
(a) MWCNT-H,0, MWCNT-EG, (b) Al;03-H,0, Al,O3-EG, MgO-EG, (c) Comparison of thermal
conductivity of metallic and non-metallic oxide nanofluids.
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3.1.4. Viscosity Analysis

By dispersing nanoparticles, traditional heat transfer fluids become more thermally
conductive, which enhances the overall efficiency of heat transfer in thermal systems.
Adding solid particles to base fluids, on the other hand, increases viscosity, which negatively
impacts flow qualities. As a result, it is vital to investigate how inserting nanoparticles
into base fluids affects the viscosity of the resulting nanofluids. In this investigation,
the viscosity of the nanofluids is evaluated along with the volumetric concentration of
nanoparticles in the base fluid and the impacts of temperature, shear rate, nanoparticle size,
and nanoparticle size.

Effect of Temperature at Constant Shear Rate

The relationship between nanofluid viscosity, rheological properties, and operating
temperature is critical. The operating temperature should be the most important and
determining parameter, according to the whole nanofluids research community. The
intermolecular interactions between the host base fluid and the nanoparticles are weakened
by the temperature increase, lowering the overall viscosity of the nanofluids and vice versa.
As shown in Figure 7, the viscosity of the nanofluids decreases with increasing temperature
and shear rate, although the change is nonlinear. At high temperatures and shear rates, the
fluid molecules absorb more energy, move more rapidly, and, therefore, the intermolecular
forces decrease. This causes the viscosity to decrease. The viscosity of metallic and non-
metallic oxide nanofluids was examined at temperatures of 20, 40, and 60 °C. They exposed
an inverse relation between nanofluid viscosity and operational temperature.

Effect of Temperature at Constant Shear Rate

The nanofluid’s viscosity is proportional to the particle size and volumetric concentra-
tion of the nanoparticles. The size and concentration of the nanoparticles increase, and the
viscosity of the nanofluid rises exponentially, making it unstable due to strong attraction
relations between the nanoparticles. Figure 7 shows the viscosity analysis of metallic and
non-metallic oxide nanofluids at a shear rate of 200 s~!. The minimum increase in viscosity
is 8.302 mPa-s, and 0.4969 mPa-s is recorded at 0.025 vol% of nanoparticle concentration
of the MWCNT-EG and Al,O3-H;O nanofluids at 60 °C, respectively. The viscosity of
the Al,O3-EG and MgO-EG nanofluids at different temperatures and constant shear rate
is shown in Figure 7d,e, respectively. The minimum thermal conductivity of 30.21 and
19.81 mPa-s is measured at 0.025 vol% of nanoparticle concentration of the Al,O3-EG
and MgO-EG nanofluids at 60 °C, respectively. Additionally, the minimum increase in
viscosity of 0.4969 mPa-s is recorded with 0.025 vol% concentration at 60 °C in the case
of the Al,O3-H;O nanofluid and also 33.123 mPa-s maximum viscosity with 0.075 vol%
concentration at 20 °C for the Al,O3; —EG nanofluid.
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Figure 7. Variation in viscosity with temperature and volumetric concentrations at shear rate 200 s~
(a) MWCNT-H,O, (b) MWCNT-EG, (c) Al,O03-H,O, (d) Al,O3-EG, (e) MgO-EG.

3.2. Experimental Analysis in CPC System

The efficiency of the design CPC solar collector is evaluated by comparing the dif-
ference in temperature from across receiver tubes and the system’s thermal efficiency. As
heat-transfer fluids, metallic and non-metallic oxide nanofluids (MWCNT-H,0, MWCNT-
EG, MgO-EG, Al,O3-EG, Al,03-H;0) with three volumetric concentrations (0.025%, 0.05%,
and 0.075%) were utilised at two flow rates (0.015 and 0.02 kg/s). The results of utilising
metallic and non-metallic oxide nanofluids as the working fluid were compared to those of
using standard heat-transfer fluids, such as water and EG.

3.2.1. Variation in Climatic Conditions during Testing

The variations in climatic data for ambient temperature and solar radiation were
measured using digital K-type thermometers and pyranometers. Additionally, the cur-
rent study is based on metallic and non-metallic oxide nanofluids used in CPC at three
volumetric concentrations and two flow rates. The collector produces an average output
temperature of up to 70 °C. Figure 8 demonstrates that the solar radiations and ambient
temperature reach their highest around 13:00 p.m. During the whole experimentation
time, the average radiations measured with a pyranometer were collected for 6 h. The
total effects of variations were measured in an ambient temperature between 29.2 °C and
34.4 °C. The solar system’s efficiency may rise or decrease depending on the intensity of
the solar radiation.
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Figure 8. Average solar radiations and ambient temperature.

3.2.2. Comparison of Temperature Difference

Temperature differences in metallic and non-metallic oxide nanofluids at flow rates
of 0.02 and 0.015 kg/s) with different volumetric concentrations of nanoparticles were
compared, as shown in Figure 9. The better result is achieved at 13:00 p.m., when maximum
radiations are measured using a pyranometer. After 13:00 p.m., there is a gradual decline.
Distilled water and ethylene glycol were used as working fluids in this experiment. With
the use of nanofluids, there is a noticeable rise in temperature change. The base fluid’s
nanoparticle volumetric concentration is measured at its maximum level. Figure 9a shows
the temperature difference at a 0.025 vol% nanoparticles concentration of metallic and non-
metallic oxide nanofluids. The maximum temperature differences were 7.4, 6.5, 5.99, 5.93,
and 5.8 °C at 13:00 p.m. for 0.025 vol% of nanoparticle concentrations of MWCNT-H,O,
Al,O3-Hp;O, MWCNT-EG, MgO-EG, and Al,O3-EG nanofluids, respectively. Additionally,
from Figure 9b, maximum 7.7, 6.8, 6.31, 6.2, and 6.05 °C temperature differences are
recorded at a 0.075 vol% nanoparticles concentration for MWCNT-H,0O, Al,O3-H,0,
MWCNT-EG, MgO-EG, and Al,O3-EG nanofluids, respectively, at a 0.02 kg /s flow rate.
Temperature differences of 4.9 and 4.46 °C are recorded for water and ethylene glycol,
respectively, used as a working fluid in the CPC at a 0.02 kg/s flow rate. The temperature
difference increases significantly when nanofluids are used. The MWCNT-H,O nanofluid
is used to achieve a greater temperature difference due MWCNTs having a higher thermal
conductivity (3000 W/m-K) than many metallic oxide particles. The maximum temperature
differences for a 0.025% volumetric concentration in MWCNT-H,0, Al,O3-H,O, MWCNT-
EG, MgO-EG, and Al,O3-EG nanofluids are 9.97, 8.8, 8.1, 7.94, and 7.9 °C, respectively.
The minimum temperature difference is achieved by using the Al;O3-EG nanofluid. From
Figure 9d, temperature differences of 10.42, 9.2, 8.5, 8.4, and 8.21 °C are achieved for a
0.075% volumetric concentration in the MWCNT-H,0, Al,O3-H,O, MWCNT-EG, MgO-
EG, and Al,O3-EG nanofluids, respectively. Temperature differences of 6.62 and 6.09 °C
are achieved for water and ethylene glycol, respectively, at a 0.015 kg/s flow rate.
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Figure 9. Comparison of change in temperature with regard to time: (a) 0.025 vol% at 0.02 kg/s,
(b) 0.075 vol% at 0.02 kg/s, (c) 0.025 vol% at 0.015 kg /s, (d) 0.075 vol% at 0.015 kg/s.

3.2.3. Comparison of Thermal Efficiency

A thermal efficiency comparison of metallic and non-metallic oxide nanofluids at
various volumetric nanoparticle concentrations of 0.025 vol% and 0.075 vol% at 0.02 and
0.015 kg/s flow rates is presented in Figure 10. The solar thermal collector’s overall
performance is characterised by its thermal efficiency, which is directly related to solar
radiation intensity. Due to the nanofluids’” improved surface area heat-transfer capabilities,
CPC’s thermal performance increases with consistent flow rate and weather. The best
thermal efficiency of CPC is obtained by utilising the MWCNT-H,O nanofluid. From
Figure 10a, thermal efficiency is measured at a 0.02 kg /s flow rate and a 0.025% volumetric
concentration. Thermal efficiencies of 74.06%, 76.28%, 67.94%, 61.53%, 60.91%, and 59.58%
are recorded for MWCNT-H,0O, Al,O3-H,O, MWCNT-EG, MgO-EG, and Al,O3-EG
nanofluids, respectively. The thermal efficiency of CPC decreases as the system flowrate
increases. The efficiency of the collector is highest at 13:00 because, according to the
location where the experimental setup was installed, a solar moon occurred at 13:00 h,
so at this moment maximum beam radiations were captured by the system and at this
time the performance of the collector was at its maximum. The temperature difference



Energies 2023, 16, 1298

Efficiency (%)

Efficiency (%)

improvement obtained at a low flow rate increases the system’s efficiency. Figure 10b
shows that the maximum thermal efficiencies of 77.03%, 71.05%, 64.79%, 63.66%, and
62.12%, are achieved at a 0.075 vol% nanoparticle concentration at a 0.02 kg/s flow rate. At
0.02 kg /s, ethylene glycol and water have a higher thermal efficiency of 56.35% and 50.89%,
respectively. Figure 10c,d compares the efficiency increase in metallic and non-metallic
oxide nanofluids at a flow rate of 0.015 kg/s. The Al,O3-EG nanofluid has the lowest
thermal efficiency enhancement, compared to the MWCNT-H;O nanofluid. Thermal
efficiency is increased by 78.18% and 74.83% for the MWCNT-H,O nanofluid at 0.075 vol%
and 0.025 vol% nanoparticle concentrations, respectively. Similarly, 63.22% and 60.86%
thermal efficiencies are obtained for the Al,O3—EG nanofluid at 0.075 vol% and 0.025 vol%
nanoparticle concentrations, respectively. In contrast, the increase in efficiency of 62.40%
and 65.46% is recorded for MWCNT-EG at 0.075 vol% and 0.025 vol% concentrations,
respectively. Thermal efficiencies of 57.10% and 52.12% are recorded for water and ethylene
glycol at 0.015 kg /s, respectively.
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4. Conclusions

This study addresses the preparation, stability analysis, and characterisation of metal-
lic and non-metallic oxide nanofluids and their application in the CPC collectors under
real-time climatic conditions of sub-tropical climate for domestic applications. In CPC, per-
formance is evaluated using three volumetric concentrations (0.025%, 0.05%, and 0.075%)
and two different mass flow rates (0.02 kg/s and 0.015 kg/s).

It should be concluded that the nanofluids, having stability for over 96 h, performed
well with the maximum collector outlet temperature obtained of 70 °C. MWCNT-H,0O
exhibits the highest increase in thermal conductivity (33%), and MWCNT-EG nanofluids
have the lowest increase in viscosity (8.5%) at a 0.075% volumetric concentration. The
MWCNT-H20 nanofluid, with a 0.075% volumetric concentration, achieves a maximum
temperature difference of 10.4 °C at a lower flow rate of 0.015 kg/s. Using nanofluids
as primary heat-absorption fluids instead of regular tap water results in a considerable
increase in the thermal efficiency of CPC. At 0.015 kg/s and 0.02 kg /s flow rates, Al,O3—
H,O nanofluids boost the thermal efficiency by 29.4% and 29%, respectively. Thermal
efficiency is enhanced by 23.1% and 22.4% when MgO-EG nanofluids are utilised at flow
rates of 0.015 and 0.02 kg/s, respectively. Finally, as seen from the results, the MWCNT-
H,O nanofluid is very stable and increases the thermal efficiency of CPC. MWCNT-H,0O
nanofluids with a volumetric concentration of 0.075% obtain the highest thermal efficiency
of 78.1%. The current work concludes that the experimental values of thermal conductivity
and stability of MWCNT-H;O are greater than metallic oxide nanofluids for the same
application and working conditions. Additionally, the experimental study suggests, during
experimentation and for better results in terms of thermal efficiency, that the MWCNT-
H,O nanofluid should be used in CPC in place of metallic oxide-based nanofluids, i.e.,
A1203—H20, A1203—EG, and MgO—EG.

In addition, the results provide a comprehensive comparative study and recommendation
on the hybrid nanofluids. Let us keep in mind that data engineering in the age of digital twin
modelling is gaining popularity as a surrogate modelling of thermodynamics and mechanical
systems. Thus, in the future, it is suggested to use these results/database for the development
of an empirical correlation to provide a direct performance measurement [69-73].
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Abbreviations

A Area (m?)

A, Aperture Area (m?)
Al,O3  Aluminium oxide
Au Gold

Ag Silver

CeO,  Ceric oxide

CNTs Carbon nanotubes

CuO  Cupric oxide

CPC Compound parabolic collector
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Cp Specific heat capacity (J kg=! K1)
EG Ethylene glycol

Fe;04 Iron oxide

FPSC Flat-plate solar collector

GNPs Graphene nanoplatelets

Ge Total effective solar irradiance on collector’s aperture (Wm~2)
MgO Magnesium oxide

MWCNTs Multi-walled carbon nanotubes

m Mass flow rate (kg s™!)

Qu Useful solar heat gain (W)

Qs Solar power entering into collector’s aperture (W)
SiO, Silicon dioxide

SiC Silicon carbide

SDBS Sodium dodecyl benzene sulphonate
SFT Single flow through

TiO, Titanium oxide

T Temperature (°C)

To Outlet temperature (°C)

Ti Inlet temperature (°C)

AT Temperature difference

ZnO Zinc oxide

Greek Symbols

o Density (kg-m~3)

¢ Volumetric concentration (%)

m Thermal efficiency (%)

Subscripts

a Aperture

bf Base fluid

i Inlet

nf Nanofluid

np Nanoparticle

o Outlet
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