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ARTICLE INFO ABSTRACT

Keywords: Flat plate solar collector (FPSC) and parabolic trough solar collector (PTSC) are widely used for residential solar
Solar collector water heating (SWH) applications. This work studied two different solar collector systems. Nanofluid and its
Nanofluid

influence on the residential solar water heating (SWH) systems were investigated. The two SWH systems were
designed, installed, tested, and compared at varying mass flow rates (mg) of 0.47, 1.05, and 1.75 kg min~! in
ambient environmental conditions. The comparative study was conducted according to thermal efficiency (),
useful energy gain (Qu), stored energy (Qsg), outlet hot water temperature (T,), and difference temperature (AT)
between the cold inlet and hot outlet water from the collectors. The analysis of outcomes showed that the PTSC
was more efficient than FPSC. The FPSC and PTSC systems performance were investigated using two different
types of nanofluids. Carbon nanotubes in water and ethylene glycol were utilized. A remarkable improvement in
the average thermal efficiency 64.1 % and 80.6 % of FPSC and PTSC systems using ethylene glycol nanofluid
were obtained respectively. The total reduction in CO; emissions was 31.26 kg/day and 39.28 kg/day for the
FPSCs and PTSCs, respectively in the presence of ethylene glycol nanofluid. A significant saving in CO3 release is
owing to the renewable clean energy of solar collectors.

Thermal efficiency
Greenhouse gas

1. Introduction

Energy is necessary in our daily life. In many countries, energy
consumption is rising on a daily basis, and the gap between supply and
demand is continuously increasing over time as a result of people
seeking a better way of life, overpopulation, and rapid industrialization
[1]. Moreover, the inefficient usage of energy (i.e., fossil fuels) leads to
pollution of the environment. To avoid a global disaster, humanity has
prioritized the use of renewable energy as a key energy source in their
energy plans [2]. Solar energy is the most widely used since it is
continuous, environmentally friendly, and has a low operating cost [3].
Solar energy is one of the most promising renewable energy sources for

achieving sustainability and reducing the negative effects of global
warming [4]. Solar thermal collectors play a vital role in utilizing solar
energy for heating purposes [5]. They absorb solar radiation and convert
it into thermal energy, which can be utilized for heating water [6].
Flat-plate solar collectors (FPSC) consist of a flat absorber plate that is
typically made of metal, such as copper or aluminum, with a dark
coating to enhance sunlight absorption. The plate is covered with a
transparent glass or plastic cover to minimize heat loss. Flat-plate solar
collectors (FPSCs) are widely used due to their simplicity,
cost-effectiveness, and reliability [7]. Evacuated tube solar collectors
(ETSCs) consist of multiple glass tubes, each containing an absorber
tube. The absorber tube is surrounded by a vacuum, which minimizes
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heat loss through conduction and convection. The absorber tubes are
usually made of metal with a selective coating to maximize solar ab-
sorption. Evacuated tube solar collectors are known for their high effi-
ciency, especially in colder climates or areas with low solar radiation.
Parabolic Trough Collectors (PTSCs) use curved mirrors in the shape of
parabolic troughs to focus sunlight onto a receiver tube placed along the
focal line [7]. The receiver tube contains a heat transfer fluid (such as oil
or water) that absorbs the concentrated solar energy and transfers it to
heat. They are often used in large-scale solar thermal power plants but
can also be utilized for water heating applications. Each type has its own
unique advantages and disadvantages, and the selection of a particular
type depends on various factors such as climate, location, and system
requirements [8,9]. High convective and conductive heat loss has a
significant impact on FPSC performance and limits its usage at high
working fluid temperatures [10,11].

Several studies have investigated the thermal performance of flat-
plate solar collectors (FPSCs) utilized for a variety of applications. Ac-
cording to Bhowmik and Amin [12], a comparative study was conducted
for both standard and modified FPSCs (equipped with a reflective sur-
face). The findings showed that the modified FPSCs exceeded the stan-
dard FPSCs notably in terms of achieving the highest thermal efficiency
(Mm) up to 51 % maximum value. The comparative experimental
investigation conducted by Said et al. [13] studied the use of a heat
transfer nanofluid (FPSC) containing 0.3 % volume concentration of
titanium dioxide (TiOy) in water. The study aimed to evaluate the
impact of this nanofluid on thermal efficiency under climatic conditions
in Kuala Lumpur, Malaysia. According to the findings of this study, the
thermal efficiency was improved to 76.6 % in the presence of FPSC
nanofluid. In contrast, the thermal efficiency was reported to be 42.1 %
without using nanofluid. These results suggest that the addition of 0.3 %
vol TiO; as a heat transfer nanofluid significantly enhanced the thermal
efficiency compared to the absence of nanoparticles. It indicates that the
nanofluid enhanced heat transfer properties, leading to higher thermal
efficiency. It was observed that the ng, was affected greatly by changing
the spacing of collector tube [14]. In other study, a solar thermal col-
lector running with a forced circulation pump and utilizing of aluminum
nanofluid was designed by Mongre & Gupta [15]. It was reported that
increasing the glazing area enhanced remarkably the ng, of SWH system
up to 55.24 %. Likewise, the SWH system performance integrated with
FPSC was tested by Ayompe & Duffy [16]. It was noticed that the
average thermal efficiency was 45.6 % under the modest climate con-
ditions of Dublin, Ireland.

Colloids or suspensions of nanoparticles in conventional liquids are
known as nanofluids [17,18]. Numerous types of nanomaterial (metals,
metal oxides, polymers, and carbon compounds) find use in the prepa-
ration of nanofluids for various applications. For nanofluid applications,
copper, alumina, titania and copper oxide have been used most
frequently. These substances are incorporated into different fluids with
the primary aim of improving the ultimate physical characteristics of the
mixture. The range of technological applications for this practice is
extensive and continues to grow. The practice of augmenting fluids with
solid particles to alter their properties has been recognized [19]. These
nanoparticles can be found in a variety of liquids, such as water,
ethylene glycol, kerosene, oils, refrigerants, ionic fluids, and others.
Thermal stability, heat capacity, viscosity, freezing, and boiling points
are taken into account while choosing base liquid [20,21]. The base
liquid should not react with nanoparticles or cause their deterioration. It
also should be safe, non-corrosive, and has low viscosity with no
agglomeration form to prevent pumping cost increase. Nanofluids have
found remarkable uses in heat transfer, bubbling heat transfer, as well as
evaporation and condensation [22-24]. Brownian movement, thermo-
phoresis, fluid layering, clustering, and ballistic transport are among the
several mechanisms that contribute to the enhancement of nanofluid
thermal characteristics [25-29]. They are held upright by the numerous
gravitational and attraction forces operating on the liquid’s nano-
particles. According to research [30-34], nanofluids can enhance the
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heat transfer coefficient in both natural and forced convection when
compared to traditional liquids. The fundamental reason for this is the
high heat conductivity of nanofluids owing to the loading of
nanoparticles.

Recently, the impact of two different types of absorber materials on
the PTSC performance was studied for hot water supply. Copper and
aluminum nanofluid were tested at five different flowrates m¢ [26]. It
was noticed that the nanofluid using copper nanoparticles achieved
thermal efficiency ng, up to 74.5 % which was higher than aluminum
nanofluid (72.7 %). In another study, the optimization of a small scale
PTSC (1.5 mz) was executed by Faheem et al. [27] using Matlab simu-
lation program. In this investigation, the 1, and thermal performance of
PTSC were examined at two various East-West and North-South
orientations.

It was stated that PTSCs exhibit better thermal efficiency (ny,) and
performance when oriented in the East-West direction (61.66 %)
compared to the North-South direction (48.28 %) [28]. This variation in
performance can be attributed to factors such as solar heat flux, collector
area, absorber tube arrangement, overall heat loss coefficient, and mass
flow rate (mg) [29,30]. Hot water was produced at average temperature
50 "C per day with an average g, of 49 % which was considerable higher
than that of the FPSC [31]. The use of nanofluids in solar collectors was
investigated as a means to enhance their performance compared to
conventional water-based systems [35]. Studies showed that utilizing
nanofluids as the working medium in solar collectors improved heat
transfer characteristics and overall system performance [36]. The
presence of nanoparticles in the fluid enhances thermal conductivity,
which facilitates heat absorption from the solar collector’s absorber
surface. This, in turn, can increase the thermal efficiency of the system
[37]. Carbon nanotubes (CNTs) have been specifically studied as an
efficient nanomaterial for use in parabolic trough collectors (PTSCs)
[38]. Carbon nanotubes have excellent thermal conductivity and unique
structural properties, making them suitable candidates for enhancing
heat transfer in solar thermal systems [39]. When used as a working
medium in PTSCs, CNT-based nanofluids showed potential in improving
the overall performance and efficiency of the collectors [40]. However,
it is important to note that the use of nanofluids in practical applications
requires further research and development [41]. Challenges such as
nanoparticle stability, cost-effectiveness, and long-term reliability need
to be addressed before widespread implementation can be realized [42].
Nevertheless, the investigation of nanofluids, including carbon
nanotube-based fluids, holds promise for enhancing the performance of
solar collectors and advancing solar thermal technologies. Based on the
findings of the PTSC research, it has been determined that nanofluid has
a significant potential to enhance the effectiveness of the solar collector
[43-46]. It was reported that the performance of the solar collector
would be worked on much better in the presence of nanofluid rather
than water, which are tied to the thermo-physical and chemical features
of liquids [47]. Carbon nanotubes were also found to be a suitable
working medium for PTSC devices [48]. These issues fostered the use of
solar energy in numerous solar thermal applications, including hot
water delivery, space cooling, and heating. These applications are pro-
vided with various types of solar collectors, depending on the desired
outlet hot water temperature (T,) and thermal collector efficiency ().
The performance enhancement of the residential SWH system associated
mainly with ng,. As a result, the present study was focused on the most
common solar thermal collector types, FPSC and PTSC, at variable flow
rates (my) using two different types of nanofluid and investigated the
preferable system in terms of thermal efficiency ().

2. Materials and methods
Comparative study on the FPSC and PTSC in the presence of nano-

fluid for residential SWH systems was performed in latitude 30.62° N,
longitude 32.27° E at 5 m above sea level.
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2.1. Experimental set-up

The flow diagrams of the two investigated SWH systems are illus-
trated schematically in Fig. 1(a) and (b). The designed SWH systems
consist of FPSC and PTSC, hot water storage tanks and circulation
pumps. A hot water storage tank was made of a plastic material with
120-L capacity and 2 mm thickness. A storage hot water tank and con-
nected hosepipes (20 mm diameter) were used to supply water to the
solar collector. The storage hot water was insulated by using a glass wool
insulator (50 mm thickness and 0.03 W/m.K) thermal conductivity) to
avoid heat loss into the environment. The flat plate solar collector
(FPSC) and PTSC were designed to heat up a thermal carrier water
circulating into the collector tubes by absorbing solar radiation and
transferring heat into water. In the parabolic trough solar collector
(PTSC), solar radiation contained receiver tube where water continually
circulated in a closed cycle. The collectors were attached closely
together and have forced circulation utilizing a 375 Watt circulation
pump. The flat plate solar collector was placed in the south direction
with a slope of 31° to maximize the solar intensity and to transfer the
maximum possible solar radiation.

The designed rectangular shape water heating FPSC consists of an
absorber plate, copper pipes, transparent glass cover, panel box, and
insulation material. To absorb solar energy radiation, the top surface of
the matt black paint absorber of solar collector was covered with 3 mm
thick transparent glass. A transparent glass cover was sealed with a
silicon rubber material for more tightness. A wooden box with a surface
area of 1.44 m? and dimensions of 1.60 m length, 0.90 m width, and
0.10 m depth was fabricated to enclose the other collector components.
To maximize the absorption of solar radiation, the plate and pipe were
coated with a matt black paint. This type of paint was selected because it
has high absorptivity as it can absorb a significant amount of solar ra-
diation. By maximizing the absorptivity, more solar energy can be
absorbed and converted into heat. The absorbing plate, made of
aluminum, was used due to its high thermal conductivity, allowing it to
efficiently transfer the absorbed heat to the fluid flowing through the
collector. The plate has a thickness of 1 mm, which is relatively thin and
helps facilitate heat transfer. Inside the absorber, serpentine copper
tubes (26 m tube length, 8 mm diameter, 30 channels with 50 mm pitch
between tubes) were fixed to pass the thermal carrier water. The pipe
was arranged in a zig-zag pattern, which helped increase the contact
area between the fluid and the absorbing plate. This arrangement allows
for better heat transfer from the plate to the water flowing through the
pipe. An insulation material of Styrofoam (0.05 m thick and 0.04 W
m 'K~! thermal conductivity) was fixed at the bottom of the collector to
minimize the conductive heat loss through the absorber plate. The
fabricated PTSC consists of cylindrical reflector, support structure and

az)

South direction

(&)

(2) FPSC
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receiver tube. The PTSC is not covered with glass. Receiver consists of
absorber tube positioned in the focal line of the cylindrical parabolic
trough. Absorber tube made of copper material coated with a matt black
paint. The solar absorptivity of the matt black paint is 99 % in order to
absorb as much solar radiation. When fluid passes through the collector,
it absorbs the heat generated by the absorption of solar energy. Thus, hot
fluid can then be stored in a tank or used directly for hot water appli-
cations. Stainless steel AISI-304 was selected for constructing the sup-
port structure for solar collectors because it provides excellent
mechanical strength and durability, as well as being readily available
and relatively low cost. Stainless steel is a commonly used material for
constructing the cylindrical reflector in parabolic trough collectors.
Stainless steel offers several advantages over other materials such as
high reflectivity, durability, and resistance to corrosion and degradation
from exposure to harsh environmental circumstances. Materials selec-
tion for solar collector components is an important factor in determining
the overall efficiency, durability, and lifespan of the system. Factors such
as cost, availability, performance, and environmental considerations
should be taken into account when selecting materials for solar collector
components. AISI-304 with 0.4 mm thick, a half-accepted angle of 36.50
and concentration ratio (C) of 1.69. Properties of the stainless steel AISI-
304 reflector are listed in Table 1 [49,50] and the dimensions of cylin-
drical PTSC are found in Table 2.

2.2. The experimental proceedings and measurements

The experiment was carried out from 8:00 a.m. to 4:00 p.m. in the
ambient environmental conditions in July. The glass cover, stainless
steel AISI-304 reflector, and receiver tube were cleaned out carefully
before use. Measurements were recorded every 5 min and the average
value was considered every hour. The meteorological station (Vantage
Pro 2, Davis) was utilized to determine solar radiation intensity (I)
incident on a horizontal surface (pyranometer), dry-bulb and wet-bulb
temperatures, air temperature (T,), and wind speed (W). The tempera-
ture values were permanently monitored by twelve calibrated positions
at the inlet (T;) and outlet (T,) of the solar collectors and inside the hot

Table 1

Properties of the used stainless steel reflecting mirror.
Properties Values
Melting point 1670 K
Density, p 7901 kg/m®
Specific heat, Cp 478 J/KgK
Thermal conductivity, K 14.90 W/mk

Thermal diffusivity, 6 3.958106 m?%/s

South direction

as

(b) PTSC

Fig. 1. The flow diagrams of the (a) FPSC and (b) PTSC used in the investigation: (1) Insulated hot water storage tank, (2) Glass wool insulator, (3) Faucet, (4)
Circulation pump, (5) Cold feed solution, (6) Hot feed solution, (7) Iron stand, (8) Wooden box, (9) Residential hot water, (10) Residential cold water, (11) Solar
radiation, (12) Sun, (13) Solar collector, (14) Absorber black copper tube, (15) Reflector, (16) Transparent receiver tube.
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Table 2

Specification of cylindrical parabolic trough solar collector (PTSC).
Items Values
Collector length 1.50 m
Collector width 1.0m
Collector depth 0.46 m
Collector area 1.5 m?
Internal diameter of absorber 0.006 m
Outside diameter of absorber 0.008 m
Inside diameter of transparent tubular receiver 0.120m
Outside diameter of transparent tubular receiver 0.123m
Transparent tubular receiver length 1.510 m

water storage tanks (T).
2.3. Materials and procedures

All of the tests have used chemical additives of reagent-grade.
Nanofluid of Multi-walled carbon nanotubes (MWCNTSs) with a 99.99
% purity and a 50 nm diameter (Sigma-Aldrich GmbH) were used. Multi-
walled carbon nanotubes were selected to be used to enhance the
thermal properties of fluids in the solar thermal collectors. MWCNTs-
based nanofluids have higher thermal conductivity compared to tradi-
tional fluids, which helps improve the overall efficiency of the solar
thermal system. In addition to their high thermal conductivity,
MWCNTs-based nanofluids also have a low density and low settling rate
(due to the prevalence of Brownian movement), which makes them
more stable and less likely to settle or clog the system. This stability is
important for maintaining the optimal performance of the solar thermal
system over time [51]. The useful thermal energy extracted during the
heating phase of a nanofluid containing MWCNTSs can be calculated
based on several key characteristics, including (i) Density (f,¢): The
density of a nanofluid is important because it affects its thermal prop-
erties. Generally, as the concentration of MWCNTs in the nanofluid in-
creases, the density of the nanofluid also increases. The density of the
nanofluid can be measured using techniques such as pycnometry or
densitometry [52], (ii) Heat capacity (Cys): The heat capacity of a
nanofluid is a measure of its ability to store heat energy. It is affected by
both the base fluid and the MWCNTSs. Generally, as the concentration of
MWCNTs in the nanofluid increases, the heat capacity of the nanofluid
also increases. The heat capacity of the nanofluid can be measured using
techniques such as calorimetry. (iii) MWCNTs loading: The loading of
MWCNTs in the nanofluid is an important parameter that affects the
thermal properties of the nanofluid. As the loading of MWCNTs in-
creases, the thermal conductivity of the nanofluid also increases [53].
However, there is an optimal loading of MWCNTs beyond which the
thermal conductivity may decrease due to aggregation or sedimentation
of the nanoparticles [54]. The loading of MWCNTs in the nanofluid can
be varied and optimized to achieve the desired thermal properties.

The density and heat capacity of nanofluids at various MWCNTSs
loadings were estimated by egs. (1) and (2) [55].

Poe=(1— @)py; + @p, (@)
(PC)y =1~ @)(p-Cy)y +(P(ps'C5)p ©)

where fluid, nanoparticles, and nanofluid are designated by the sub-
scriptions f, p, and nf. Volume fraction is (¢).

In the thermal conductivity of a nanofluid, several factors play a
crucial role. These factors include: (i) Volume Fraction (&varphi) of
nanoparticles, as the volume fraction increases, the thermal conductiv-
ity of the nanofluid generally tends to increase as well, assuming all
other factors remain constant, (ii) Thermal conductivity of the base fluid
(Kf), a higher thermal conductivity of the base fluid leads to higher
thermal conductivity of the nanofluid, (iii) Thermal conductivity of
nanoparticles (Ks), high thermal conductivity of nanoparticles can
significantly enhance the overall thermal conductivity of the nanofluid,
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(iv) Shape Factor, It takes into consideration factors like aspect ratio,
size, and shape irregularities and nanoparticles with more elongated
shapes (e.g., nanotubes) may have different thermal conductivities
compared to spherical nanoparticles,(v) Interfacial thermal resistance,
the interfacial thermal resistance refers to the resistance to heat transfer
at the interface between the nanoparticles and the base fluid. Lower
interfacial thermal resistance leads to better heat transfer between the
nanoparticles and the fluid, (vi) Brownian motion, it is the random
motion of particles suspended in a fluid medium due to their collisions
with fast atoms or molecules. It can enhance thermal conductivity by
increasing the effective contact between nanoparticles, (vii) Thermo-
phoresis, it is the motion of particles in a fluid medium due to temper-
ature gradients. It can affect the distribution of nanoparticles in the fluid
accordingly, impact the overall thermal conductivity, (vii) agglomera-
tion and dispersion, the state of dispersion of nanoparticles in the base
fluid is crucial. Agglomeration reduces the effective surface area avail-
able for heat transfer, and (ix) Temperature, The temperature of the
nanofluid affects the thermal conductivity. Some nanofluids may exhibit
different thermal conductivities at different temperatures. The models
used to predict the thermal conductivity of nanofluid are listed in
Table 3.

The thermal conductivity of MWCNTSs nanofluid generally increases
with higher concentrations of MWCNTs. Additionally, the type of base
fluid used can also impact the thermal conductivity of the nanofluid.
Thermal conductivity of MWCNTs, water and ethylene glycol are listed
in Table 4.

Table 3
Used models to predict the thermal conductivity of nanofluid.

Thermal conductivity Parameters Ref.

Keff: Thermal [56]
conductivity of the

nanofluid

Kf: Thermal

conductivity of the

base fluid.

Ks: Thermal

conductivity of the
nanoparticles

@ is the particle volume
fraction

p:=h/r is the ratio of

the nanolayer thickness

(h) to the original

particle radius (r).

Koy Ks+2Ki+20(Ks — Ky) [571
K K+2K; — o(Ks — Ky)

Ky Ko+ (n-1)K; — (n=1)(K; — Koo

Kf K + (n—1)K; + (K — Ko)p

Ky _ Kt2Ki+2(Ks —Ky)(1+ )’
K Ko+2K; - oK~ Kp)(1+ 5’0

n: Empirical shape [56]
factor 3/y

y: The sphericity

(sphericity is 1 and 0.5

for the
spherical and
cylindrical shapes)
Kefr = Kitatic + Kprownian kstatic: Thermal [58]
Ks conductivity
3 (E B 1) 2 . enhancement due to
=K[1+ K, K, ] 45 x10%y the higher thermal
(E +2) - (E -1)o conductivity of the
KT nanoparticles
s
opsCp {d— Kprownian:Thermal
+2Ks — @(Ks — K.
P +2Ks — 0K —Ko) conductivity

enhancement due to
the effect of Brownian
motion

y: Modeling parameter,
refers to the
hydrodynamic
interaction among the
Brownian motion
induced (moving) fluid
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Table 4
Physical characteristics of ethylene glycol, water, and MWCNTs.
Density, kg/  Specific heat, Thermal conductivity, Ref.
m3 J/kg °C W/m °C
MWCNTs 2100 720 0.6-6600 [59]
Water 998 4187 0.63
Ethylene 1038.4 3750 0.25 [60]
glycol

2.4. Preparation of nanofluid

Two types of nanofluids were synthesized namely, multi-walled
carbon nanotubes/water and/ethylene glycol through two stages: (i)
steric stabilization and (ii) sonication. The base fluid was prepared by
mixing distilled water with sodium dodecyl benzene sulfonate (SDBS) as
a surfactant at 1300 r.p.m for 40 min using a magnetic stirrer. Then,
different loadings of MWCNTSs were dispersed in the solution of DW-
SDBS. For good mixing stability, it was reported that ratio of carbon
nanotubes to SDBS surfactant is 2:1 [61]. Carbon nanotubes loading was
1 % (wt./wt.) in MWCNTs/water and MWCNTs/ethylene glycol
nanofluids.

If the nanoparticles in the nanofluid aggregate or settle out of the
fluid, they can clog the cooling system, reduce heat transfer efficiency,
and even damage pipelines. Moreover, the instability of nanofluids can
lead to inconsistent heating performance, making it difficult to predict
and control the heating process. Therefore, ultrasonic processor for an
additional 2 h to produce stable dispersed surfactant MWCNTs/water
and MWCNTs/ethylene glycol nanofluids was applied. By improving
nanofluid stability, the heating efficiency of nanofluids can be enhanced,
making them a promising option for solar collector’s applications. Using
a magnetic stirrer, the nanofluid was extensively mixed to maintain
stability and avoid agglomeration. Nanofluid was then sonicated using
an ultrasonic processor for an additional 2 h to produce stable dispersed
surfactant MWCNTs/water and MWCNTs/ethylene glycol nanofluids.
Ratios of MWCNTs to water and ethylene glycol were calculated by eq.
4.

%Vol. loading, o = (W, /p,) / [(Ws /p,) + (Wt / p,)] 3)

where W, and p are the weight and density of nanoparticles, respec-
tively, and Wy is the weight of base fluid.

2.5. Nanofluids characteristics

Synthesized nanofluids MWCNTs/water and MWCNTs/ethylene
glycol were analyzed using the laser-light scattering method for
measuring size distribution of the used MWCNTs and zeta potential
(Malvern Zetasizer Nano ZS90) for measuring fluid stability. The dis-
tribution of MWCNTSs in water and ethylene glycol are listed in Table 5.

Table 5
Particles sizes and Zeta potentials of MWCNTs/water and MWCNTs/Ethylene
glycol nanofluids at ¢ = 0.57

Primary Secondary Particle Zeta
specified particle size size ratio potential
particle size (nm) (mV)
(nm)
MWCNTs/ 14.32 1383 96.57 —108.7
water/SDBS
MWCNTs/ 13.95 100 97.16 —105.3
Ethylene
glycol/SDBS
MWCNTs/ 27.10 1420 90.2 -30
water
MWCNTs/ 21.9 210 83.1 -27
Ethylene

glycol
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In the nanofluids of MWCNTs/water and MWCNTs/ethylene glycol, the
average particle size of the MWCNTSs is in water and ethylene glycol is
16.8 nm and 10.7 nm respectively as shown in Figs. 2 and 3. The
assessment of size distribution by intensity in water-based nanofluid
revealed the presence of dual peaks, measuring 14.32 nm (peak 1) and
1383 nm (peak 2) with a particle size ratio of 96.57:3.43. In contrast, the
ethylene glycol nanofluid exhibited peaks at 13.95 nm (peak 1) and 100
nm (peak 2) with a particle size ratio of 92.84:7.16. Multi-walled carbon
nanotubes (MWCNTSs) have a tendency to aggregate or clump together
when exposed to water or other polar solvents. This is due to the fact that
MWCNTs are hydrophobic in nature and prefer to interact with other
hydrophobic surfaces rather than water. This tendency to aggregate can
have negative effects on the properties of MWCNTs, such as reducing
their dispersibility and increasing their tendency to form non-uniform
coatings or films. In ethylene glycol, charged MWCNTSs can repel each
other, resulting in a larger hydrodynamic radius and apparent particle
size. Similarly, surfactant SDBS can coat the particles and increase their
effective size, leading to larger size measurements of MWCNTs in
ethylene glycol. The measurement of zeta potential is one of the most
commonly used tests to evaluate the stability of nanofluid. Zeta potential
is a measure of the electrostatic repulsion between particles in a sus-
pension and is a key factor in determining the stability of the nanofluid.
In Table 5, high negatively charged of MWCNTs in water and ethylene
glycol —108.7 mV and —105.3 mV indicated that the MWCNTs were
well-dispersed and repelled each other, resulting in a stable suspension
[62].

3. Performance evaluation of solar collector

The thermal efficiency (n¢,) of a solar collector can be defined as the
ratio between the actual useful energy gained by the heat transfer fluid,
typically water (Qy), and the incident solar radiation on the absorber of
the solar collector. This can be mathematically expressed by equation
(5) [62-64].

Qu

N = GATA, ()]

The actual useful energy (Qu) denotes the energy acquired by the
heat transfer fluid (e.g., water) from the solar collector, encompassing
the energy effectively collected and used for specific purposes, such as
water heating. The effective area (Ay.) refers to the absorber’s surface
area actively engaged in absorbing solar radiation, accounting for any
shading or design inefficiencies in the collector. Solar radiation (G)
represents the solar energy incident per unit area on the collector’s
surface, influenced by factors like geographical location, time of year,
and collector orientation. Change in temperature (AT) signifies the
variance in temperature between the collector’s absorber and the sur-
rounding environment, playing a crucial role in determining the heat
transfer to the working fluid.

The actual useful energy (Qu) in Watt unit obtained from the solar
collector could be determined by the following equation:

Qu =m;Cy(T, — T) )

The energy stored (Qg) in Joule unit is computed by using equation

(7):
Qs= MCP(T'd —Ty) (6)

where, A: Area of the collector in square meters (rnz). This refers to the
surface area of the collector that is exposed to solar radiation. Cp: Spe-
cific heat capacity of water, approximately equal to 4187 J kg™1) K.
This is the amount of heat energy required to raise the temperature of
water by 1 K per unit mass, I: Intensity of solar radiation in watts per
square meter (W/m?). It represents the amount of solar energy received
per unit area. M: Mass of water in the storage tank in kilograms (kg).
This refers to the total mass of water present in the tank. mg Mass flow
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Fig. 3. Zeta sizer of the prepared SDBS - MWCNTs/ethylene glycol nanofluid.

rate of water in kilograms per second (kg/s). It represents the amount of
water flowing through the system per unit time. T;: Inlet temperature of
water in degrees Celsius (°C). It indicates the initial temperature of the
inlet water entering the collector. T,: Outlet temperature of water in
degrees Celsius (°C). It represents the final temperature of the water
leaving the collector. Ty: Initial temperature of the water in degrees
Celsius (°C). This refers to the initial temperature of the water in the
storage tank. Ty: Final temperature of the water in degrees Celsius (°C).
It refers to the final temperature of the water in the storage tank. These
variables were used to describe and calculate various parameters related
to the heat transfer and energy balance in the system.

4. Results and discussion

The experiments were performed in the ambient environmental
conditions to compare FPSC and PTSC using nanofluid and study its
effect on the residential SWH system performance at variable flow rates
(mg). The different temperatures were measured during 8 h from 8:00 a.
m. to 16:00 p.m. All average measurements were taken during the
month of July. It is worth mentioning that FPSC gave outstanding

outcomes compared with the PTSC in terms of thermal efficiency (),
useful energy gain (Qy), stored energy (Qs), outlet hot water tempera-
ture (T,) and the temperature difference (AT) at all examined ms of 0.47,
1.05 and 1.75 kg min~!

4.1. Measurements at variable mass flow rate

The resulting measurements illustrates the hourly variation of the
solar radiation intensity (I), ambient air temperature (T,) and hot outlet
water temperature (T,) with time in sunny days. I and T, are indepen-
dent of flow rate (mg¢) and solar collector kind. Fig. 4(A, B and C) shows
that the I and T, both increased remarkably from sunrise solar time till
the peak at noon solar time, then declined notably until reached to the
minimal value at the evening hours. The data of I and T, were measured
per hour and average values were reported as follows: (644 W m™? and
26.6°C), (548.2 W m™ and 27.7 °C) and (700 W m™ and 27.4 °C) for the
two investigated FPSC and PTSC at different ms of 0.47, 1.05 and 1.75
kg min~}, respectively.

Unlike I and T,, the T, was found to be dependent on flow rate (m¢)
and the type of solar collector used. The maximum possible T, values
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Fig. 4. Temperature and solar radiation intensity variation with solar time. (A) Temperature and solar radiation using different nanofluids using flow rate (0.47 kg
min~ ). (B) Temperature and solar radiation using different nanofluids using flow rate (1.05 kg min~1). (C) Temperature and solar radiation using different

nanofluids using flow rate (1.75 kg min~ ).

were resulted at 12:00 p.m., 13:00 p.m. and 14:00 p.m. solar times for
FPSC and PTSC both as illustrated in Fig. 4 (A, B and C). It was perceived
from the experimental outcomes that the average T, decreases as the mg¢
increases for FPSC and PTSC both. However, the solar collector type
plays an important role in determining the T, value. The PTSC is more
influential than FPSC in elevating the average T, as elaborated in Fig. 4
(A, B and Q). In the case of using water only, the PTSC considerably
incremented the average T, around 61.9 °C, 58.9 °C and 58.3 °C cor-
responding to augmentations only up to 57.7 °C, 54.5 °C and 52.9 °C for
FPSC case at m¢ of 0.47, 1.05, and 1.75 kg min~}, respectively. Ozcan
et al. [26] translated this remarked enhancement to the concentrated
incident solar radiation on the absorber which resulted in a high tem-
perature degree on the outside copper absorber surface. Therefore, heat
is transferred from copper absorber tube to the water flowing through it,
thus the hot outlet water temperature (T,) increments. Similarly, in case
of using CNT-water, the average T, of the PTSC was improved signifi-
cantly to about 80.5 °C, 76.7 °C and 75.8 °C corresponding to increases
only up to 72.1 °C, 68.2 °C and 66.2 °C for the FPSC case at m¢ of 0.47,
1.05, and 1.75 kg min~!, respectively. Also, it is evident from Fig. 4(A, B
and C) that the average T, of PTSC was incremented extremely about
84.3°C, 80.2 °C and 79.3 °C by virtue of CNT-Ethylene glycol compared
with the FPSC case (i.e., 73.9 °C, 69.9 °C and 67.8 °C) at mfof 0.47, 1.05,
and 1.75 kg min~, respectively. It was noticed that there is a remark-
able increase in (To) in the presence of CNTs. Carbon nanotubes are
made of carbon atoms arranged in a cylindrical shape and have a very
high aspect ratio, which means that they are very long and thin. This
unique structure gave them exceptional thermal conductivity, which can
be up to 10 times higher than that of copper. When CNTs were added to
the working fluid in a solar collector, they formed a network that

increased the thermal conductivity of the fluid. This network of CNTs
can also act as a nucleation site for the formation of bubbles, which
enhanced heat transfer by creating turbulence and promoting mixing in
the fluid.

4.2. The variation of temperature difference (AT) at variable mass flow
rate

The study investigated the variation of temperature difference (AT)
between the cold inlet and hot outlet water over hourly time intervals
during the process. The investigation compared two types of collectors;
FPSC and PTSC. Fig. 5(A, B and C) shows that the temperature difference
(AT) generally increased from the morning hours and reached its
maximum value around the afternoon. Afterward, AT gradually
declined during the evening hours. This pattern indicated that the
temperature difference between the inlet and outlet water was highest
when the solar radiation and heat input were at their peak. Figure (5, A,
B, and C), likely presents the relationship between mass flow rate (my)
and the temperature difference (AT). The description indicated that as
the mass flow rate increased, the temperature difference (AT) decreased.
This inverse relationship implied that higher flow rates resulted in a
reduced temperature difference between the inlet and outlet water.

It is clear that as my¢ increased, the AT gradually decreased inde-
pendent of solar collector kind. Ozcan et al. [26] explained the obtained
result as the quantity of heat transferred per unit volume of water was
kept at a lower level for a higher m¢ through the collector, hence
decreasing the AT. The obtained results are in a good agreement with
the findings reported by Bolaji [65]. They show that in case of utilizing
pure water, the PTSC greatly increased the average AT to about 11.8 °C,
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Fig. 5. Hourly temperature difference between cold inlet and hot outlet water collector as a function of solar time for the considered solar collectors. (A) Tem-
perature difference (AT) vs. time at flow rate (0.47 kg min 1) of different collectors. (B) Temperature difference (AT) vs. time at flow rate 1.05 kg min ! of different
collectors. (C) Temperature difference (AT) vs. time at flow rate 1.75 (kg min~1) of different collectors.

6 °C and 5.5 °C while they increased up to 10.2 °C, 4.4 °C and 3.6 °C in
case of FPSC at my of 0.47, 1.05 and 1.75 kg min~!, respectively.
Boosting the AT by around 15.7 %, 36.4 % and 52.8 % can be attributed
to the vital role of PTSC in concentrating of incident solar radiation by
using a reflector. FPSC showed increase in the average collector hot
outlet water temperature (T,) by 7.3 %, 8.1 % and 10.2 % at ms of 0.47,
1.05, and 1.75 kg min~!, respectively. It was noticed from the experi-
mental results presented in Fig. 5(A, B and C) that the CNT-ethylene
glycol enhanced remarkably the average AT of the parabolic trough
collector (PTC) to approximately 25.1 °C, 14.2 °C and 13.1 °C. Carbon
nanotube nanofluid improved the heat transfer efficiency and increase
the temperature difference between the absorber tube and the working
fluid. This led to higher thermal efficiencies and improved performance
of the collector. In flat plate collector (FPC) system, carbon
nanotubes-ethylene glycol improved AT to 21.2 °C, 9.8 °Cand 7.1 °C at
mg of 0.47, 1.05 and 1.75 kg min "}, respectively as illustrated in Fig. 5
(A, B and C). Increasing the mass flow rate of nanofluid in a heat transfer
system from 0.47 kg min~! to 1.75 kg min~! led to a decrease in the
temperature difference between the hot and cold fluids. This is because
reducing the flow rate allowed less time for the heat transfer to occur
between the two fluids, resulting in a lower temperature difference be-
tween them.

4.3. Stored and useful energy gain at variable mass flow rates

Figure (6) illustrates the change in the amount of stored energy (Qs)
in FPC and PTC. Experiments were implemented at diverse m¢ of 0.47,
1.05 and 1.75 kg min~!. In the PTC and FBC, stored energy (Qs)
increased significantly up to 4.49 MJ, 1.50 MJ and 1.40 MJ at m¢ of 0.47,
1.05 and 1.75 kg min?, respectively. A parabolic trough collector (PTC)
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Fig. 6. The average stored energy for the considered solar collectors at
different flow rates.

showed a higher potential to store more thermal energy than a flat plate
collector (FPC), primarily due to its higher concentration ratio and
higher operating temperatures. A parabolic trough solar collector uses a
parabolic-shaped mirror to focus sunlight onto a receiver tube located at
the focal point of the mirror. The receiver tube contained a heat transfer
fluid that absorbed the concentrated solar radiation and was heated to
high temperatures. The heated fluid was then used to generate steam or
heat a thermal storage system for later use. In contrast, a flat plate solar
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collector typically operated at lower temperatures, and was less efficient
at capturing and storing solar energy. This is because the flat plate
collector has a lower concentration ratio and a larger surface area than
the parabolic trough collector, which reduced its ability to concentrate
and capture solar radiation. It was also found that the Qg is adversely
proportional to the m¢, whereas the Qs in MJ units increases as the mg¢
decreases for both investigated PSC and FPC. In PSC, maximum Qg was
4.49 MJ at the lowest mf of 0.47 kg min~'. It can be noticed from
Figure (6) that CNT-Water increased significantly the amount of stored
energy (Qg) of the PTSC 28.6 %, 48.2 % and 36.7 % in comparison FPC at
m¢ of 0.47, 1.05 and 1.75 kg min !, respectively. Similarly, amount of
stored energy (Qs) of the PTSC was enhanced extremely by about 31.4
%, 51.4 % and 39.4 % in the presence of CNT-ethylene glycol at m¢ of
0.47, 1.05 and 1.75 kg min~?, respectively.

The use of nanofluids showed potentially increase the amount of
thermal energy that can be stored, due to their enhanced thermal
properties. Nanofluids exhibited higher thermal conductivity and spe-
cific heat capacity than water and ethylene glycol fluid alone. When
used as a heat transfer fluid in a solar collector, nanofluids increased the
amount of thermal energy that is absorbed and transferred to a storage
medium. This is because the CNTs in the nanofluid enhanced the
convective heat transfer between the collector and the fluid, leading to
more efficient heat transfer and higher overall thermal efficiency. In
addition, CNTs nanofluids also increased the thermal energy storage
capacity of a solar collector, since they have higher specific heat ca-
pacity than the base fluid. This means that a given volume of CNTs
nanofluid can store more thermal energy than the same volume of pure
fluid.

Useful energy gain (Qyu) increased significantly from FPSC to PTSC at
various m¢ of 0.47, 1.05 and 1.75 kg min~! as shown in Figure (7). The
CNTs-water showed high useful energy gain (Qu) up to 21.6 %, 32.5 %
and 23 % from FPSCs to PTSCs at different ms of 0.47, 1.05 and 1.75 kg
min !, respectively. Similarly, it was found that the CNT-ethylene glycol
enhanced notably the value of Qu by about 24.3 %, 35.3 % and 25.7 %
from FPSCs to PTSCs.

Unlike the Qg, the Qu was directly proportional to m¢ whereas the Qg
in KW units increased as the m¢ increased. The useful gain energy in FPC
and PTC increased at high mass flow rate due to several factors: (i) A
higher mass flow rate increased the convective heat transfer coefficient
between the absorber surface and the working fluid, leading to more
efficient heat transfer and higher overall thermal efficiency. This is
because a higher mass flow rate can help to overcome the thermal
resistance of the boundary layer near the absorber surface, which can
limit the rate of heat transfer at low flow rates, and (ii) A higher mass
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Fig. 7. The average useful energy gain for the considered solar collectors at
different flow rates.
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flow rate can help to reduce the temperature of the working fluid and
limit its temperature rise across the collector, which can help to prevent
thermal degradation of the working fluid and improve its longevity.

Parabolic trough solar collector (PTSC) showed maximum Qy 38 KW,
49.4 KW and 51.7 KW at high mass flow rate (mg) 1.75 kg min~! in the
presence of water, CNT-Water and CNT-ethylene glycol, respectively.
Ethylene glycol has a lower specific heat capacity and thermal con-
ductivity compared to water, which resulted in lower thermal efficiency
and lower useful gain in energy in solar collectors. These findings are in
a good agreement with reported results [26].

4.4. Thermal efficiency at various mass flow rates

Figure (8) displays the impact of varying ms on the ng, of the two
investigated solar collectors (i.e., FPSC and PTSC). It was found that
increasing my from 0.47 to 1.75 kg min~! improved significantly the ne,.
Similar results were reported by Ozcan et al. [26] and Alvarez et al. [79].
Moreover, Figure (8) shows also the comparison outcomes between the
FPSC and PTSC impact on the residential SWH system performance
regarding the ny,. Experimental comparison outcomes proclaimed that
the average ng, increased to 37 %, 45.7 % and 59.2 % in case of PTSC at
different mf 0.47, 1.05, and 1.75 kg min~}, respectively. The rate of
increasing was around 1.18, 1.27 and 1.18 times from FPSC to PTSC at
different my of 0.47, 1.05 and 1.75 kg min ", respectively. In case of
CNT-water, the average ng, greatly increased to around 48.1 %, 59.4 %
and 77 % in case of PTSC at different m¢ of 0.47, 1.05, and 1.75 kg
min "}, respectively. The rate of increase was 1.23, 1.32 and 1.23 times
from FPSC to PTSC at different ms of 0.47, 1.05 and 1.75 kg min~,
respectively. In case of CNT-ethylene glycol, the average ny, greatly
increased up to 50.3 %, 62.1 % and 80.6 % in PTSC system at different
my of 0.47, 1.05, and 1.75 kg min 7, respectively. The rate of increasing
was approximately 1.25, 1.35 and 1.25 times from FPSC to PTSC at
different ms of 0.47, 1.05 and 1.75 kg min ', respectively. This
improvement can be attributed to elevating the average T, as a result of
the positive PTSC effect in concentrating more incident solar radiation
comparing to FPSC which in turn enlarged the AT and improved the ng,.
The improvements of thermal efficiency are listed in Table 6. Remark-
able enhancement was found using MWCNTs in the presence of sodium
dodecyl benzene sulfonate (SDBS) comparing with other nanoparticles.

In the tested range of m¢ under the prevailing weather conditions,
Fig. 9 (A, B and C) shows the variation of ny, with hourly time. It is
obvious that the ng, of FPSC and PTSC were generally boosted at the
beginning of the day until reached to the greatest value at noon hour,
then gradually decreased to the lowest value at afternoon hours. The
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Fig. 8. The average thermal efficiency for the considered solar collectors and
different flow rates.
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Table 6
Thermal performance of nanofluids.
Research study Nanofluid Type of solar collector Volume concentration (%) Thermal efficiency enhancement (%) Ref.
Mouli et al. MWCNT/Water Flat plate 0.3 52.4 [66]
Singh et al. Al,O3-water Flat plate 0.2 28.47 [67]
Zafar et al. MWCNT-Fe304/water Flat plate 0.05-0.3 52.15-63.83 [68]
Faizal et al. SiO,-water Flat plate 0.2 23.50 [69]
Farajzadeh et al. Al,03-TiO,/water Flat plate 0.1 21-26 [70]
Ghasemi et al. CuO-water Parabolic trough 3 35 [71]
Alejandro et al. Al,O3/water Parabolic trough 1-3 57.7 [72]
Kasaeian et al. MCNT/mineral oil Parabolic trough 0.2 %-0.3 % 5-7 [73]1
Tiwari et al. MWCNT and Nano silica/EG Parabolic trough 0.0-0.6 80.7 and 70.9 [74]
Heyhat, M. M. et al. nanofluid, metal foam Parabolic trough 0.1 55.65-79.29 [75]
Kanti et al. Al,O3-water Flat plate 0-1 76.3 [76]
Menbari et al. Al,03-CuO/water Parabolic trough 0.05-2 48 [77]
Arani. and Monfaredi SiC/EG-water Parabolic trough 4% 30 [78]
In this study MWCNTs -water parabolic trough 1% 77
MWCNTs -ethykene glycol Parabolic trough 1% 80
MWCNTs -water Flat plate 1% 63
MWCNTs -ethykene glycol Flat plate 1% 64
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lowest recorded ng, value at the beginning of the day and afternoon 4.5. Possibility of carbon dioxide emissions mitigation
hours could be ascribed commonly to the limited solar radiation in-
tensity at these times. While, the highest recorded ng, value at noon time
attributed to the AT increase.

Struggling with the consequence of global warming brought on by
huge CO; releases has emerged as one of the most challenging issues
confronting human civilization [80]. For example, the production of
power from fossil fuels results in the creation of several pollutants, the

10
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most dangerous of which being CO», as well as SO5 and NOX. Therefore,
for efficient energy generating planning, decreasing pollution in the
electricity industry is essential [81]. Solar collectors are among the
renewable energy products with the greatest average growth rate. Along
with being renewable, solar collectors’ technology has the benefit of
being clean. The next formula could be utilized to calculate the total CO»
releases saved by the solar collector system [82].

my=m, x dE x ti 7
where mt is the whole reduced CO; (g) emission quantity through its
lifecycle, me is the mean emission intensity of CO5 (904 g/kWh) by a
power plant working with coal-fired [83]. dE is the whole day energy
reduction of the FPSCs/PTSCs systems (kWh/day), and tlife is the
cost-effective lifespan of the FPSCs/PTSCs systems which can be
assumed as 20 years [84].

Solar intensity values for the day were 6.3 kW/day is shown in
Fig. 10. The production of useful thermal energy gain was influenced
significantly by solar intensity. The accumulated useful thermal energy
gain reached 34.5 kW/m>day and 43.45 kW/m3day for FPSCs and PTSCs
system, respectively. The results showed a significant decrease in CO5
releases per day owing to the renewable clean power of solar collectors.
The total reduction in CO5 emissions was 31.26 kg/day and 39.28 kg/
day for the FPSCs and PTSCs systems, respectively.

5. Conclusion

This study introduced a novel dimension to solar water heating
through a meticulous exploration of nanofluids’ influence on two
prominent solar collector systems. By showcasing substantial advance-
ments in thermal efficiency and significant reductions in CO, emissions.
The outcomes of this research work demonstrated that the utilization of
a parabolic trough solar collector (PTSC) achieved a significant
improvement in the performance of residential SWH system. The PTSC
performance was evaluated and compared with the FPSC including
thermal efficiency (ng,), useful energy gain (Qu), stored energy (Qs),
outlet hot water temperature (T,) and temperature difference (AT) at
different flow rates (m¢) of 0.47, 1.05 and 1.75 kg min~'. The findings of
the present study showed that (i) In PTSC, the average hot outlet water
temperature (T,) was around 61.9 °C, 58.9 °C and 58.3 °C. whereas the
T, was 57.7 °C, 54.5 °C and 52.9 °C in case of FPSC, (ii) In PTSC, the
average temperature difference (AT) between the cold inlet and hot
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outlet water increased up to 11.8 °C, 6 °C and 5.5 °C whereas it
increased to 10.2 °C, 4.4 °C and 3.6 °C in FPSC, (iii) In PTSC, the tem-
perature of 120-L increased up to 59.1 °C, 56.1 °C and 55.7 °C,
respectively within 8 h of sunshine whereas it increased only up to
54.7 °C, 52.3 °C and 51.6 °C in FPSC, (iv) The average thermal efficiency
(ntn) was enhanced up to 28 % and 36 % in the presence of ethylene
glycol nanofluid using PTSC and FPSC respectively (v) A significant
saving in CO4 release per season is owing to the renewable clean energy
of solar collectors. The total reduction in CO5 emissions was 31.26 kg/
day and 39.28 kg/day for the FPSCs and PTSCs systems, respectively.
Based on the obtained outstanding outcomes, the designed parabolic
trough solar collector (PTSC) in the presence of MWCNTs nanofluid was
trustworthy and reliable and met the demands of residential, agricul-
tural and industrial process in terms of giving high hot outlet water
temperature and thermal efficiency. This research not only pushes the
boundaries of SWH technology but also contributes meaningfully to the
transition towards cleaner and more sustainable energy solutions.
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Nomenclature
FPSC Flat-plate solar collector

PTSC Parabolic trough solar collector
SWH Solar water heating

A Solar collector area (m?)

Cp Specific heat of water (~4186 J kg1 K1)

Qu Useful energy gain (KW)

Qg Stored energy (MJ)

I Solar radiation intensity (Wm™2)

M Water Mass in storage tank (kg)

m¢ Mass flow rate (kg sh

To Hot outlet water temperature (°C)

Ta Ambient air temperature (°C)

Ty Final temperature of storage tank (°C)

Ty Initial temperature of storage tank(°C)

T; Inlet collector water temperature (°C)

To Outlet collector water temperature (°C)

Ts he temperature of hot water in storage tank (°C)

AT Temperature difference between cold inlet and hot outlet
fluid collector (°C)

W Wind speed (m/sec)

Nth Thermal efficiency (%)
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