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The article reports an experimental study on a non-tracking compound
parabolic collector (CPC) with nanofluid and hybrid nanofluids (NFs). An
experimental setup was fabricated having a concentration ratio of 4.17,
0.828 m? collector area, 24° of half acceptance angle, and an evacuated
tube receiver having 1.85m length. Fluids like water and NFs have been
investigated in CPC performance improvement, but current research deals
with NFs and hybrid NFs in a CPC as rare studies are found on a CPC using NFs.
The 0.010 and 0.015 wt% concentration were used of nanofluids (NFs) which
were silica/water + ethylene glycol (SiO;)/(H,O + EG), and hybrid nanofluids of
magnesium oxide + carbon black/water (MgO + CB/H,0) and carbon black +
graphene nanoplatelets/water (CB + GNPs/H,0) at flow rates of 0.020, 0.015,
and 0.010 kg/s. The experimentation was performed under real climate
conditions of Taxila, Pakistan, and solar irradiance and ambient temperature
were measured to determine the performance of the CPC in comparison to a
simple base fluid which was water. The experimental results revealed that a
maximum temperature difference of 8.5°C with an around thermal efficiency of
38.51% was achieved for hybrid pair of MgO + CB at a flow rate of 0.010 kg/s and
volumetric concentration of 0.015wt%. The efficiency variation using NFs
(SIOL/EG + H,0) varies from 12.8% to 59.1% from lowest 0.010 kg/s to
highest 0.020 kg/s flow rates, and volumetric concentrations (0.010 and
0.015wt%) of nanoparticles. For similar experimental conditions, efficiency
variation for (CB + GNPs) pair varies from 142% to 65.6% for
aforementioned conditions. Efficiency variation from 15.3% to 66.3% was
attained using MgO + CB in the base fluid of water for said flow rates and
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volumetric concentrations of nanoparticles.

10.3389/fenrg.2022.951233

In addition, an efficiency

enhancement of 24.3%, 30.8%, and 31.5% was observed for SiO,/EG + H,O,
CB + GNPs/H,0, and MgO + CB/H,0, respectively, at maximum flow rates and
volumetric concentration of nanoparticles as compared to water. Therefore,
the usage of hybrid-based NF in the CPC is beneficial in terms of efficiency
enhancement, and it will bring young research workers to get deep into this field
to bring revolution in the area of solar energy.

KEYWORDS

compound parabolic solar collector, hybrid NFs, thermal analysis, efficiency
enhancement, solar energy

Introduction

The escalating rate of fossil fuel depletion, global warming,
and growing energy demands can be proficiently faced by
utilizing solar energy (Tiwari and Tiwari, 2017; Xu and Wang,
2017; Dimri et al., 2018). Solar energy is an abundantly available
energy source which can be converted either to electricity (with
PV) or to useful heat (with thermal collectors) (Korres and
Tzivanidis, 2018; Subramani et al., 2018). A potential design
to enhance the efficiency of solar collectors is incorporating the
concept of concentration. Compound parabolic collectors
(CPCs) are efficient concentrating solar collectors due to their
ability for producing hot temperature-based water, and thus, they
are mostly suited for domestic hot water applications.
Furthermore, even when sun rays do not strike the collector
at an optimized angle, they can still maintain water at a high
temperature without a tracking system. This reason makes the
CPC a potential candidate as a more efficient solar collector for
low-temperature applications (Gilani and Hoseinzadeh, 2021).
Verma et al. (2018) identified that one of the paramount sources
of sustainable energy is solar energy, which is abundantly
available in almost all areas in South Asia having a potential
of about 2.9 million MW without disturbing the environmental
conditions. Ghafoor et al. (2016) analyzed in the country of
Pakistan that about 30% of the energy is utilized by the
construction sector yearly. Thus, the literature demonstrates
the increase in energy utilization to overcome energy demand.

Kim et al. (2013) investigated several residential and
industrial practices working in the intermediate temperature
(100°C-300°C) range accompanied by various solar thermal
collectors. Various daily use applications such as solar stills,
extraction of oil, generation of electricity at a small level, textile,
and food industry technology mandate energy fonts in the
abovementioned low to medium range temperatures.
Hachicha et al. (2013) as well as Li et al. (2017) investigated
flat plate collectors in a low temperature range, while
the
temperature range. Bellos and Tzivanidis (2019) analyzed that

concentrating ones were considered for medium
the CPC is suitable for medium temperature ranges in diverse
applications. Snail et al. (1984) and Ayompe et al. (2011)

examined a non-tracking CPC with an evacuated tube and
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50% and 65%
performance. Jiang et al. (2020) analyzed the tubular absorber

found thermal effectiveness optical
CPC and found that it is efficient, systematic, and diverse
especially appropriate for industrial and other medium-
temperature applications. Gilani and Hoseinzadeh (2021)
investigated CPC advantages over flat plate solar collectors in
terms of power production, cost-effectiveness, and CO,
reduction. Ayompe et al. (2011) and Snail et al. (1984)
studied a tracking system with a solar thermal collector and
concluded that improvement in the overall efficiency of the
system was carried out. Detailed investigation revealed the
15% better results achieved by accompanying the tracking
Oloketuyi et al. (2020)
investigated the hybrid compound parabolic collector (HCPC)

system with solar collectors.
both experimentally and mathematically for refrigeration
purposes. Numerical showed that for attaining
70°C-85°C  desorption 350-450 W/m®

radiation intensity was required. Acosta-Herazo et al. (2020)

results

temperature, solar
investigated the CPC photoreactor’s absorption performance for
solar radiation by changing several variables and found the
boundary wall of the receiver has a considerable effect on the
performance of CPCs. Leong et al. (2018) experimentally
investigated copper and titania NFs by varying particle
concentrations, surfactants, sonication time, and pH value.
PVP surfactants and neutral base fluids exhibited higher
of higher
concentrations of nanoparticles in base fluids. Vijayakumar
et al. (2021) investigated that by using NFs in CPCs, thermal
performance and efficiency of the system enhance significantly.

values thermal conductivity at volumetric

Bhalla and Khullar analyzed to improve the performance and
efficiency of solar collectors without a tracking system; non-
imaging concentrators along with advanced working fluids can
be employed. In the current work, a nanofluid-based receiver is
employed in a non-imaging concentrator CPC to enhance the
thermal performance of the collector (Bhalla and Khullar, 2021).
Harrabi et al. (2021) investigated NFs in different solar collectors
and found thermal performance enhancement by the use of NFs.
The payback period was reduced by 0.62 years as compared to
mineral thermal oil by using 0.3% MWCNT/oil in CPCs.
Hybrid NFs exhibited an increased heat transfer rate owing
to enhanced thermal conductivity as compared to simple NFs.

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.951233

Farhan et al.

The hybrid NFs have high density, viscosity, and thermal
conductivity as compared to the base fluid, but have lower
specific heat capacity. Higher thermal conductivity is one of
the core advantages of hybrid NFs, but greater viscosity is one of
the limitations of hybrid NFs. The product of specific heat
capacity and density represents the quantity of heat that fluid
can transport. The product is generally high for the hybrid NFs as
compared to the base fluid; hence, the NFs are the ideal heat
transfer fluid. Takabi and Salehi (2014) investigated hybrid NFs
by dispersing nanosized particles of various metals and non-
metals in different base fluids. Different thermal properties were
obtained by using different volumetric concentrations. Sundar
et al. (2014) measured and found that the stability of hybrid NFs
in most cases is not exceeding more than 15 days by employing
direct and indirect enhancement methods. Toghraie et al. (2016)
investigated that by increasing temperature and volumetric
concentrations, the thermal conductivity of hybrid NFs
increases. Zeng and Xuan (2018) experimentally investigated
Ag/Si0, and MWCNT’s and found that a hybrid of these yielded
5.4% and 1.3% enhanced results than unitary ones of Ag, SiO,,
and MWCNT’s (2017)
experimentally analyzed ATO-CuO hybrid NFs and found a
hybrid of these (99.6% absorption fraction of solar irradiations)

correspondingly. Chen et al

and mono of each have 89.8% and 89.5% correspondingly. Solar
thermal efficiency of hybrid NFs was 92.5%, whereas NFs have
80.7% and 81.3% correspondingly. Campos et al. (2019) carried
out a simulation study and found that a silver and graphene oxide
combined unit has 20% greater system efficiency than an
individual of each. Amjad et al. (2018) investigated the use of
nanofluids in water desalination.

Farajzadeh et al. (2018) investigated a flat plate solar collector
(FPSC) experimentally and numerically using Al,O; and TiO,
NFs, and found efficiency enhancement of 19% and 21%
correspondingly. Under similar experimental conditions, a
hybrid of ALO; and TiO, yielded a 26%
enhancement. Amjad et al. (2017a)
production by wusing gold-based nanofluids.

efficiency
investigated steam
Bellos and
Tzivanidis (2018) experimentally investigated a parabolic
trough collector (PTC) by using mono (Al,03/Oil and TiO,/
Oil) and hybrid NFs (Al,05 + TiO,/Oil). Hybrid NFs enhanced
0.74% efficiency, and mono of each enhanced 0.34% and 0.341%
correspondingly under similar experimental conditions. Chen
et al. (2016) investigated the photothermal conversion efficiency
of mono (Au, Ag in water) and hybrid (Au + Ag)/H,O NFs and
found that hybrid NFs have nearly 30.97% efficiency than mono
ones (11.90% + 19.01%) correspondingly. Menbari et al. (2017)
experimentally analyzed AlL,O; + CuO/water in a direct
(DASC) that
enhancement in efficiency by hybrid nanofluid is higher than

absorption  solar  collector and found
that in NFs under similar experimental conditions. Qamar et al.
(2021) investigated the dispersion stability of ZnO-based
nanofluids. The performance of solar collectors has been

thoroughly investigated by varying solar collector materials
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under similar climatic conditions by Belkhode et al. (2021).
Ahmadi et al. (2021) performed energy and exergy analysis on
Agro-product drying technologies powered by solar energy.
Discussion on applications of tracked and non-tracked solar
thermal collectors and their limitations were also discussed by
Ahmadi et al. (2020). Amjad et al. (2017b) studied the effect of
hybrid nanofluids in direct absorption. Khalil et al. (2020)
investigated the performance of hybrid nanofluids in parabolic
trough collectors. The summary of various hybrid NFs in
different applications is summarized in Table 1.

Several studies have been (Chen et al., 2016; Menbari et al.,
2016; Toghraie et al,, 2016; Amjad et al., 2017a; Amjad et al,,
2017b; Chen et al., 2017; Menbari et al., 2017; Amjad et al., 2018;
Bellos and Tzivanidis, 2018; Farajzadeh et al., 2018; Wang et al,,
2018; Zeng and Xuan, 2018; Campos et al., 2019; Ahmadi et al,,
2020; Khalil et al., 2020; Ahmadi et al., 2021; Belkhode et al.,
2021; Qamar et al., 2021) carried out in the literature on the use of
hybrid NFs
improvements. Critical analysis of the literature reveals that

in various solar collectors for efficiency
numbers of studies are available for parabolic collectors using
different NFs in various solar collectors, but the rare study was
found on CPCs using hybrid-based NFs. Therefore, in the
present work, the solar CPC system 1is experimentally
investigated with SiO,/H,O + EG nanofluids and hybrid NFs
of MgO + CB/H,0 and CB + GNPs/H,0. Nanofluids and hybrid
NFs at two different volumetric concentrations and three
different mass flow rates are experimentally analyzed in the
current work, and a comparison is done with base fluid water
in order to measure the enhancement of CPC efficiency. Thus,
this research will attract young research workers who are working
on the thermal management of CPC. An experimental
investigation will be carried out by keeping in view objectives
like the selection and preparation of nanoparticles and their
potential evaluation in CPC setups under real climatic

conditions.

Preparation of nanofluids and hybrid
nanofluids

In the preparation of NFs and hybrid NFs, stabilization of
nanoparticles in the respective base fluid is always a difficult task
owing to the presence of cohesive and van der Waals forces. In
several studies, a two-step method was used for NF preparation
in which particle preparation and dispersion in base fluid were
carried out separately. To avoid the sedimentation of
additional like

addition, and high-pressure
homogenization may be adopted (Babar and Ali, 2019).

nanoparticles, several techniques

ultrasonication, surfactant
Suresh et al. (2011) used a two-step method to prepare
ALy Os-Cu/water with various particle concentrations. A
specific amount of sodium lauryl sulfate and ALO;-Cu
nanoparticles were suspended in the base fluid along with
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TABLE 1 Summary of various investigators on various hybrid NFs in different applications.

Hybrid Base Concentration of Solar system
nanoparticles fluid particles
AL O5-TiO2 Water 0.1 wt% FPSC
Gold-silver Water 1.75 ppm DASC
Au—0.15 ppm Ag
CuO-y ALO; Water, EG  Not fixed DASC
Ag-ZnO Silicone Oil 1.0 mg/ml DASC
Sn-Si0,-Ag Water 0.01-0.05 vol% DASC
Co-C/therminol Therminol ~— — DASC
SiC-PCM Water SiC: 0.1% mass fraction Photovoltaic/
thermal (PV/T)
Al,03-Zn0O Water 0.5% PV/T
Cu-TiO, Water 0.2 wt% PV/T
Ag-SiO,-CNT Water 0.006 wt% (Ag-SiO2) PV/T
0.067 wt% CNT
Ag-SiO, Water 0.0205 wt% PV/T
CuO/Sylterm 800 Sylterm 800 5% by volume CpPC

Findings

Hybrid NFs depicted more efficiency enhancement than
unitary ones.

Photothermal conversion efficiency of hybrid particles is
found to be more efficient than that of unitary ones for the
same experimental conditions.

Hybrid NFs were more efficient than the unitary of any of
these in DASC.

240% photothermal efficiency enhancement was observed
in comparison to base fluid for hybrid NFs.

By utilizing hybrid NFs, considerable efficiency
enhancement was observed as compared to unitary and
base fluids.

Considerable efficiency enhancement was observed by
employing hybrid NFs

Thermal efficiency enhancement was observed by
employing hybrid NF in PV/T.

Exergy and energy efficiency enhancement was observed
by utilizing hybrid NFs as compared to NFs.

5.84% thermal efficiency enhancement was noted as
compared to base fluids for the same experimental
conditions.

Considerable increase in thermal and electrical efficiency
observed by incorporating hybrid NFs in PV/T setup.
12% increase in energy scattering ability was noted by
using hybrid NFs as compared to base fluids.

Nanofluid utilization in the system increases the flow heat
transfer coefficient by 17.41% and 15.53% for high and
low operating temperatures, respectively.
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Hybrid nanofluid

Sonication time (h)

Magnetic stirring (h)

AL O;-Ag/water 0.5 —
Cu-TiO,/water and EG 6 3
TiO,-SiO,/water and EG 2 1
MWCNTs-ZnO/water and EG 3 2

Stability (days)

14
10

Investigator

Allahyar et al. (2016)
Esfe et al. (2015)
Hamid et al. (2018)
Esfe et al. (2017)

ultrasonication to avoid cluster formation. Parsian and Akbari
(2018) prepared a hybrid nanofluid of Al,O;-Cu/EG using a
two-step method. Nanoparticles in a specific amount dispersed in
base fluid and the solution was sonicated for 7 h to stabilize the
solution, and the solution remained stable for 3 days. The
summary of various hybrid NFs studies by various authors is
summarized in Table 2.

In this study, various nanosized particles are used in a solar
collector system for thermal enhancement. Extremely pure
nanosized particles were used which were carbon black,
graphene nanoplatelets, and magnesium oxide (shown in
Figure 1) that were purchased from Nanostructured and

Frontiers in Energy Research

Amorphous Materials, Inc.,, Houston, United States and
Advanced Chemical Supplier Material LLC, Pasadena, CA.
The TEM images of the particles are given in Figure 2.
Nanosized particles were mixed with different base fluids in
different ways. The method used to prepare NFs and hybrid NFs
was a two-step method. At the start, a specific concentration of
fluids.
purposes  at

granular nanoparticles was in base

dispersed

Homogenizer ~was used for stirring
6,000-8,500 rpm; stirring at a higher frequency led to
rupturing of grains of nanoparticles to thoroughly blend them
into the base fluid. After that, an ultrasonic vibrator was used to

break covalent bonds among particles. The sonication of
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FIGURE 1
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(A) Carbon black NPs, (B) graphene nanoplatelets, and (C) MgO nanoparticles.

FIGURE 2

TEM image of MgO (left), graphene nanoplatelets (middle), and carbon black (right) (Courtesy: Nanostructured and Amorphous Materials, Inc.,
Houston, United States; Advanced Chemical Supplier Material LLC, Pasadena, CA, United States).

nanofluid and hybrid NFs reduces the mixture space and
thoroughly homogenized it. Sonication of NFs was done for
3-4 (SiO,/H,0 + EG) hours and 5-6 h for MGO + CB and CB +
GNPs for hybrid NFs in the base fluid of water so that the mixture
may stabilize.

A simple flow diagram for the preparation of nanofluid and
hybrid NFs is illustrated in Figure 3. The prepared NFs and
hybrid NFs are shown in Figure 4.

The stability of nanofluid and hybrid nanofluid was
thoroughly observed, and no sedimentation of particles was
found in 9 days after their preparations. The stable NFs and
hybrid nanofluids are shown in Figure 5.

Experimental setup

The experimental setup was installed at the Energy
Engineering Department of University of Engineering and
Technology, Taxila, Pakistan. For the present experimental
setup, the direction of the compound parabolic solar collector
was demarcated by the solar pathfinder. The pathfinder identified
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all directions in a circle dome for the selection of solar collector
orientation. It identifies the tree and building shadows, the
intensity of radiations, and the direction of the collector along
the axes.

The system schematic diagram is shown in Figure 6. It
explains the flow of fluids and observation of flow rate by a
flow meter and measurement of temperature at the inlet and
outlet of CPSC.

Experimental methodology

An experimental study was carried out by using water
nanofluids and hybrid NFs, that is, SiO, in the hybrid base
fluid of water and ethylene glycol, MgO + CB and CB + GNPs in
distilled water as base fluid. The experimentation was carried
out to check the thermal performance of the compound
parabolic collector for real climatic conditions of Taxila,
Pakistan. The geographical location of Taxila has a latitude
0f 33.74°N and a longitude as 72.78°E. NFs and hybrid NFs were
prepared by the two-step method via using a homogenizer and
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FIGURE 3
Schematic diagram of NFs and hybrid NFs.
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FIGURE 4
Prepared NFs and hybrid NFs: (A) MgO + CB/water, (B) MgO + CB/water, (C) SiO,/water + EG, (D) SiO,/water + EG, (E) CB + GNPs, and (F) CB + GNPs.

ultrasonic vibrator. The variation in results for both 0.015wt%) of NFs and hybrid NFs were examined. The
configurations at different flow rates (0.01, 0.015, and experimentation was done in October-November 2020. The
0.020 kg/s) and volumetric concentrations (0.010 and time for experimentation was 10:00 a.m. to 3:00 p.m. on a daily
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FIGURE 5
Stable NFs and hybrid NFs after 9 days: (A) CB + MgO, (B) CB + MgO, (C) SiO,/water + EG, (D) SiO,/water + EG, (E) CB + GNPs, and (F) CB + GNPs.

Temperature
Sensor

Flow Meter

ﬁ Pump

FIGURE 6
System schematic diagram.

basis for moderate weather of Taxila. The experimental setup compound parabolic solar collector which heats up water/
made of the close loop to examine the thermal efficiency of NFs/hybrid NFs. For steady output, high-temperature water
CPSC setup at some specific properties and operating from the collector enters the storage tank. The normal water
conditions for water, nanofluids, and hybrid NFs. First, the from the outside of the tank goes toward the source side. In this
leakage at every point is tested and the proper flow rate was set. way, the loop continues. To check the temperatures at the inlet
Cold water/NFs/hybrid NFs enter from the pump to the and outlet valves, sensors were installed with great care. The

Frontiers in Energy Research 07 frontiersin.org
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K-type thermocouples (5 TC-TT-KI-24-2M, Omega
United States) having an uncertainty of +0.1°C were used to
measure the temperature. The flow rate for H,O, NFs, and
hybrid NFs is measured by a flow meter installed at the inlet
port. A flow rate measuring sensor (OKY3430-0) having a
measuring range from 1 to 30 L/min was used to measure
the flow rate. Wind velocity was recorded by anemometer
with an uncertainty range of 200-3,000 ns. A pyranometer is
used to measure hourly solar radiations. A fiber optic
temperature sensor is used to measure ambient temperature.
After every 15 min, experimental readings are measured, but
the hourly values show the average readings. To assure
accuracy, values are repeated at the same flow rate and
concentrations of fluids for 2 days. As the solar rays reach
the compound parabolic collector, it reflects these radiations to
a focus line made by the receiver. The angle of incidence for
coming radiations is important to reflect maximum solar
radiations. The water passes from the inlet valve to the solar
collector and removes by the outlet temperature valve. The
collector temperature at these two valves is measured by
thermometers. The outlet water goes to a hot thermal
storage tank for steady flow. Water, NFs, and hybrid NFs are
continued in the loop of water heating by the solar system. To
avoid consolidation and ensure stability, NFs and hybrid NFs
re-blended and homogenized every morning. Energy potential
(Qs), heat gain (Q,), and thermal efficiency (1) of CPSC can be
calculated by using Eqs 1-3 (Bellos et al.,, 2016):

QS = Au~Ge) (1)

where A, is the area of the absorber tube and G, is the incident
solar irradiance on the collector.

Qu = m-Cp- (Tout - Tin)’ (2)

where m is the mass flow rate of fluid and C,, is the specific heat
capacity of working fluid.
Thermal efficiency (ng,) of CPSC can be calculated by using

L_a
th Q

>
s

3)

Results and discussion

In this section, the experimentation is carried out for
under real conditions. The ambient
from 22.5°C to 26.8°C. The
radiations are captured by a pyranometer whose maximum

Taxila climate

temperature varies solar
ranges go to 1220 W/m?, while the collector inlet and outlet
temperatures are measured with a fiber optic heat transfer
temperature sensor. The experimentation is carried out with
four fluids, that is, water, NFs, and two concentrations of
hybrid NFs. The timing for experimentation was set as 10:
00 a.m. to 3:00 p.m.
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Validation of experimental setup

The accuracy of the experimental setup was validated by
comparing the heat gain of CPCs with the published work of
Akhtar et al. (2020). Figure 7 represents the comparison b/w
current work and published work. Experimentation of the
published work was performed in March to May, while
current experimentation is conducted in September to
November under the real climatic condition of Taxila. The
overall pattern of heat gain is similar at a similar flow rate;
however, variations in starting, optimum, and ending points are

due to seasonal variations.

Climate conditions

The present work basically shows a comparison of the
thermal enhancement of nanofluids and hybrid nanofluids as
compared to water. As this system is used for low-medium range
temperature applications, the average outlet temperature
the 45°C-53°C. From the

experimentation, it is concluded that the minimum radiations

achieved from collector is
gained by the ambient condition of Taxila are 4.5 kWh/m?/day.
The average peak hours of weather gave solar radiation as
6.1 kWh/m®. From the average look of annually solar
the
solar potential applications.

irradiance, the existing radiation are higher than

minimum requirements for
Figure 8 predicts the environmental conditions of Taxila,
Pakistan. The annual trend of the model shows the ambient
temperature and wind velocity. The overall impact of
temperature changes from 22.5°C to 26.8°C.

The average solar radiation measured through scenarios
for 6 h are shown in Figure 9. The intensity of radiation
depends upon different factors which reduce its irradiance.
The clouds, dust, humidity, and wind velocity are those factors
that influence the intensity of radiation. The increase in
the

removal of humidity and high radiations. These climatic

ambient temperature is roughly proportional to
parameters affect the solar collector output and system

efficiency.

Effect of efficiency with time, flow rate,
and concentration of nanoparticles using
water nanofluids and hybrid nanofluids

The experimental outcomes conclude that the thermal
analysis is mainly dependent on the thermal efficiency
attained by the solar thermal collector. Average values
taken for figures at similar test conditions are considered.
The thermal efficiency indicates the overall performance of
the solar thermal collector which directly changes with the
intensity of solar radiations. At constant flow rate and weather
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FIGURE 8
Average Taxila climate conditions.

conditions, the thermal performance of CPC increases due to
the enhanced surface area and thermal properties of
nanoparticles and hybrid nanoparticles.

From Figures 10A-D, it is obvious that due to the variation
in particle concentration, the trend of thermal efficiency and
other parameters also varies accordingly. The efficiency of
water improved from 12.5% to 34.8%. The variation increases
with an increase in the flow rate; no doubt the temperature
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difference decreases with the increase of flow, and efficiency
increases with flow rate. This direct and inverse relation is the
main drive for variation of graphs. The efficiency achieved
using NFs of (SiO,/EG + H,0) varies from 20.8% to 59.13%
for Taxila climate. For same climatic conditions, efficiency for
hybrid NFs (CB + GNPs) varies from 14.2% to 65.68%.
Efficiency varies from 15.3% to 66.36% by using hybrid
NFs of MgO + CB in the base fluid of water at higher
concentration and flow rate.

Effect of solar heat gain with time, flow
rate, and concentration of nanoparticles
using water, nanofluids, and hybrid
nanofluids

The solar heat gain varies with the specific heat capacity of
fluids and temperature difference at different concentration
ratios and flow rates. Average values taken for figures at
similar test conditions are considered. The variation of
water NFs and two concentrations of hybrid NFs are shown
in Figure 11. The hybrid NFs gave 31.5% improved results
than simple base fluid water.

From Figures 11A-D, it is obvious that due to the
variation in particle concentration, the trend of solar heat
gain and other parameters also varies accordingly. The solar
heat gain changes from 77.85 to 470 W at a lower flow of
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Efficiency at different flow rates with different concentrations of NFs and hybrid NFs. (A) 0.01 kg/s, with 0.015 wt% concentration of NFs and
hybrid NFs. (B) 0.020 kg/s, with 0.015 wt% concentration of NFs and hybrid NFs. (C) for 0.020 kg/s and 0.010 wt% concentration of NFs and hybrid
NFs. (D) 0.010 kg/sand 0.010 wt% concentration of NFs and hybrid NFs

0.01 kg/s to the highest flow of 0.020 kg/s for water and
hybrid NFs (MgO + CB/water), respectively. At such a
high flow rate, the solar gain and efficiency were high, but
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the temperature difference will be minimum as compared to

the remaining flow rates. The maximum solar gain is achieved
at high concentration and the flow rate was 470 W.
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Temperature difference with time, flow
rate, and concentration of nanoparticles
using water, nanofluids, and hybrid
nanofluids

The line graph in Figure 12 indicates the variation of
temperature difference at three different flow rates. Average
values taken for figures at similar test conditions are
considered.

From Figures 12A-D, it is obvious that due to the
variation in particle concentration, the trend of the
temperature difference and other parameters also varies
accordingly. For water, variation in temperature is
1.4°C-3.4°C for higher to lowest flow rates. While at the
same climate conditions, the NFs (hybrid base fluid EG +
water and nanoparticles of SiO,) gave improved results at
2°C-7.8°C, respectively. This range varies from 2.1°C to 7.7°C
for CB + GNPs in the base fluid of water. For hybrid NFs of
CB + MgO, this range varies from 2.4°C to 8.5°C for higher to
lowest flow rates, respectively.
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Compound parabolic collector
comparison at different flow rates for
nanofluids and hybrid nanofluids

In Figure 13, the comparison is carried out for two
concentrations of NFs and hybrid NFs at three flow rates. The
sedimentation of particles is proportional to the concentration ratio
of NFs and hybrid NFs. The lower concentration at high flow rate
bounces minimum sedimentation than the high concentration at
high flow rates. Also, to avoid amalgamation and ensure stability, NFs
and hybrid NFs were re-blended and homogenized every morning.

Uncertainty analysis
Uncertainty analysis is necessary to obtain refined data by
eliminating outliers. Thermal efficiency uncertainty in the system

is calculated by the root sum square method (Akhtar et al., 2020).

a = f (b;, by, by )s (4)
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FIGURE 12
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Uncertainty for the thermal efficiency is calculated as

around 3.5%.

Conclusion

In the present work, the thermal enhancement of CPCs using
NFs and hybrid NFs as heat transfer fluids was investigated. The
results of temperature difference of receiver were increased with high
particle concentrations and reduced with high flow rates. In all
scenarios, efficiencies of CPCs using NFs and hybrid NFs were
higher than those of CPCs using base fluid (water). The highest
thermal efficiency achieved by experimentation is 66.3% for MgO +
CB pair at the highest flow rate and the highest concentration of
nanoparticles (0.020 kg/s and 0.015 wt%). Maximum efficiency gain
by water at the highest flow rate (0.020 kg/s) is 34.8% under similar
experimental conditions. In short, it is concluded as follows:
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«Efficiency is calculated by using four types of fluids (water,
Si0,/H,0 + EG (50:50), CB + GNPs/H,0, and MgO + CB/
H,0) at different flow rates and volumetric concentrations of
nanoparticles.

«By using water as working fluid variations in temperature
difference, heat gain and thermal efficiency are observed from
3.4°C to 1.4°C, 77.8 to 252 W, and 12.5% to 34.8% from the
lowest to the highest flow rate.

By using hybrid base fluid (water and ethylene glycol) and
nanoparticles of SiO,, maximum temperature difference was
attained at the lowest flow rate and the highest concentration
is 7.8°C, and variations in temperature difference, heat gain,
and thermal efficiency are observed from 7.8°C to 2°C, 140.2 to
446.3 W, and 12.8% to 59.13% from the lowest to the highest
flow rate and volumetric concentrations.

By using a hybrid of two non-metallic CB + GNPs in the base
fluid of water, maximum temperature difference was attained
at the lowest flow rate and the highest concentration is 7.7°C,
and variations in temperature difference, heat gain, and
thermal efficiency are observed from 7.7°C to 2.1°C, 94.6 to
488.4 W, and 14.2% to 65.68% from the lowest to the highest
flow rate and volumetric concentration of the non-
metallic pair.

oThermal enhancement of CPSC is improved by using NFs
and optimum results are achieved by using hybrid NFs.
«The increasing behavior of temperature difference and solar
heat gain is different at the same flow rates.

By using various combinations of hybrid NFs, one optimized
hybrid NF can be used to obtain optimum results.

«The optimum temperature difference attained by MgO + CB
is 8.5°C for the lowest flow rate and the highest concentration
of nanoparticles and variations in temperature difference, heat
gain, and thermal efficiency are observed from 8.5°C to 2.4°C,
101.5 to 495 W, and 15.3% to 66.3%. The hybrid NFs gave
31.5% improved results than water. The hybrid NFs are more
suitable to improve the thermal output of solar collectors. The
presented results of experimentations are beneficial for
low-medium range industrial applications of CPCs using
hybrid NFs.

In the present research work, experimentation is presented
by using NFs and different hybrid NFs of metallic and non-
metallic hybrid, non-metallic hybrid, and hybrid base fluid using
metallic hybrid pair and non-metallic hybrid pair.
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Nomenclature
Symbols

Ar Receiver area (m?)

Aa Aperture area (m?)

A Aperture width (m)

Au Gold

Ag Silver

Al,O; Alumina

Cp Specific heat capacity (J/kg.K)

CPSC Compound parabolic solar collector
CB Carbon black

CuO Copper oxide

DASC Direct absorption solar collector

EG Ethylene glycol

FPSC Flat plate solar collector

HCPC Hybrid compound parabolic collector
HVAC Heating, ventilation, and air conditioning

H,0 Water
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GNPs Graphene nanoplatelets
G, Solar irradiance (W/m?)
m’ Mass flow rate (kg/s)
MgO Magnesium oxide

MWCNTSs Multiwall carbon nanotubes

PV/T Photovoltaic/thermal
PTC Parabolic trough collector
Qu Solar heat gain (W)

Qs Energy potential (W)

AT Temperature difference (°C)
Ta Ambient temperature (°C)

Te Collector temperature (°C)

T Inlet temperature ("C)

TiO, Titania

Si0, Silica

Greek letters

N Thermal efficiency
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