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Abstract. Solar energy is a key renewable energy source. Research and development have focused on
enhancing the heat transfer coefficient, heat gain, and practical efficiency of solar systems. The aim of
this study is to evaluate the performance of a flat solar panel collector using a nanofluid under conditions
in the city of Kirkuk/Iraq, 35° latitude and 45° longitude, in terms of practical calculation of thermal
efficiency. The study included making two solar collectors, one traditional and the other improved
using a nanofluid (CuO). The CuO/Water nanofluid was prepared with a volumetric concentration of
0.25 % by mechanical mixing and then ultrasonic mixing to homogenise the particles and eliminate the
agglomerations that form inside the fluid. Practical testing was conducted for the two solar collectors,
one using distilled water and the other using the nanofluid, during four months (January, February,
March, and April) of the year 2023. The experiments revealed that the efficiency progressively improves
from 9:00 a.m. to 1:00 p.m. This increase is attributed to solar radiation’s decreasing intensity post
12:00 p.m., while thermal storage and minimised thermal losses continue to contribute. After 2:00 p.m.,
the efficiency dwindles due to the declining solar radiation intensity. The practical efficiency of a 0.25 %
nanofluid (CuO) attains its zenith at a mass flow rate of 0.015 L s−1. Higher mass flow rates enhance
heat transfer within fluid-filled tubes. The collector efficiency at this flow rate ranges from 31.66 % in
January to 44.44 % in April.
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1. Introduction
Globally, energy sources can be divided into two main
groups: fossil fuels and renewable energy sources.
Fossil fuels, used extensively since the beginning of
the industrial revolution, are recognised as significant
contribution to environmental degradation. Notable
examples include coal, oil, and natural gas. Con-
versely, renewable energy, inherently replenished by
nature, offer cleaner alternatives devoid of harmful
pollutants [1].

Makhzom et al. based their research on actual
measured data collected over long periods by the mon-
itoring and control systems of the power plants in
question. As a result, the following CO2 emission
factors that are shown below can be regarded as a
gauge of the environmental status of Libya’s power
industry sector. The study’s technique can be applied
to other industries or even to estimate emission factors
for different types of air pollution outside of the power
industry [2].

Among the essential renewable energy types are so-
lar, wind, geothermal, ocean wave, and biomass, solar
energy, particularly, holds a paramount importance.
In the present day, solar flat-plate collectors (FPCs),
a renewable energy conversion system, are becoming
increasingly popular for providing hot water and hot
air in both the domestic and industrial sectors. This

limitation stems from the fact that the upper limit
of nonconcentrated solar radiation energy is around
5.3 % at an ambient temperature of 300 K. The is-
sue of low efficiency has been a focal point in both
historical and recent theoretical and experimental re-
search efforts. Despite the efficacy of evacuated tube
collectors for water heating, their high cost persists
as a drawback. Solar collectors generally function
by transferring solar heat to a working fluid, such
as water, in the context of solar water heating. The
widely employed flat plate-solar collector is a form of
heat exchanger, harnessing solar radiation’s energy for
heating fluids, such as water or air. Typically, opera-
tional at temperatures around 100 °C, these collectors
use air or water as heat transfer mediums [3].

Solar radiation heats up the absorbent material,
using a suitable working fluid to cool the plate and
extract the accumulated heat. This fluid circulates
through passages connected to the plate, known as ris-
ers. A key challenge with solar water heaters, as with
other energy conversion devices, is thermal efficiency.
Hence, the research in this field is focused on improv-
ing thermal efficiency and improve the performance
of flat-plate solar water heaters (FPSWHs). Strate-
gies to improve heat transfer include active methods
requiring an external input and passive methods with-
out any external influence. The use of a nanofluid
as a working fluid in a heat exchanger is a means of
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improving heat transfer efficiency [4].
While numerous studies have explored nanofluids

in heat exchangers, the effects of nanofluids on the
thermal performance of flat-plate solar collectors have
not been properly investigated [5]. A comparative
experimental study by Tong et al. [6] in Gwangju,
South Korea, demonstrated that using multi-walled
carbon nanofluids (MWCNT) increase the flat-plate
solar collector efficiency to 87 %, while water usage
reduced the efficiency to 62 %. Similarly, Sadeghzadeh
et al. [7] investigated a flat solar collector’s thermal
performance using TiO2 (20 nm)/aqueous nanofluids.
Their findings revealed that the thermal efficiency
varied based on concentration, input temperature,
and flow rate.

Choudhary et al. [8] conducted an experimental
study to improve the efficiency of a planar solar collec-
tor using ZnO nanofluids. Their results indicated that
thermal efficiency increases with flow rate and exit
temperature, with a maximum efficiency of 69.24 % ob-
served. Moravej et al. [9] studied rutile TiO2 aqueous
nanofluids in flat-plate solar collectors and discov-
ered that the efficiency improved with increased solar
radiation or flux rate. Notably, the introduction of
nanoparticles led to efficiency gains of up to 33.54 %
for various nanoparticle concentrations.

In essence, these studies highlight the potential of
nanofluids to improve the performance of flat-plate
solar collectors, showing a potential advances in ther-
mal efficiency and broader applications in sustainable
energy systems.

Omar et al. (2020) [10] investigated the optimi-
sation of thermal performance in a flat-plate solar
collector using a hybrid nanofluid. This study ex-
plored various concentrations of hybrid nanoparticles
with the use of Tween 80 (Tw-80) as a surfactant.
The efficiency of the flat-plate solar collector was eval-
uated at different flow rates (2, 3, and 4 litres per
minute), by ASHRAE 93-2010 guidelines. The intro-
duction of a hybrid nanofluid at a flow rate of 4 l min−1

significantly improved the efficiency of the most ther-
mally efficient collector by up to 85 %. Fluid outlet
temperatures increase with increasing nanoparticle
concentration, indicating improved thermal energy
gain. Nirmala [11] conducted an experimental study
on a horizontal solar collector aimed at efficiency im-
provement. By maintaining a 2cm gap between the
glass and the absorbing plate, the researcher found
that doubling the glass plates’ arrangement doubled
the efficacy of the flat-solar collector as compared to
a single glass plate. Zarda et al. [12] studied the ther-
mal performance of flat-plate solar collectors (FPSCs),
which are known for their cost-effectiveness, simplicity,
and ease of use. They focused on improving the effi-
ciency of these collectors by introducing diamond/H2O
nanofluids, a type of fluid containing tiny diamond
particles. To assess the impact of these nanofluids on
the collector performance, the researchers conducted a
numerical analysis using ANSYS/FLUENT software,

simulating real-world scenarios in Iraq’s hot climate.
This choice of location is significant as it mimics the
conditions in regions with high temperatures and in-
tense solar radiation. One key observation was the
variation in collector temperature throughout the day,
with a decrease in temperature occurring as solar
intensity decreased post-midday. This finding high-
lights the importance of understanding how collectors
perform under changing solar conditions. The most
remarkable result was the significant improvement
in collector efficiency. The highest thermal efficiency
achieved was 68.90 %, and this was accomplished with
a 1 % concentration of diamond nanoparticles in wa-
ter as the nanofluid. This represented a substantial
12.2 % improvement compared to using plain water
as the heat transfer fluid. The choice of nanofluid
concentration proved to be critical. The 1 % nanofluid
concentration outperformed other concentrations due
to changes in the nanofluid’s physical properties and
a notable increase in thermal conductivity. This high-
lights the significance of selecting the right nanofluid
for optimising the collector performance.

Furthermore, the study highlighted the direct re-
lationship between the solar radiation intensity and
the outlet temperature from the solar collector. This
connection was most pronounced around 12:30 p.m.,
coinciding with the collector’s peak efficiency. This
finding only proves the importance of aligning the
collector operation hours with periods of higher solar
intensity to maximise the efficiency. Okonkwo et al.
(2020) [14] carried out an experimental investigation
on a 1.51 m2 flat solar collector using single and hybrid
nanofluids (Al2O3 and Al2O3-Fe) mixed with water.
At concentrations of 0.1 % and 0.2 %, the nanofluid
(Al2O3) increased thermal efficiency by 2.16 %, while
the hybrid nanofluid decreased efficiency by 1.79 %
compared to water. Hybrid nanofluids showed a 6.9 %
improvement in efficiency compared to single nanoflu-
ids. Alklaibi et al. [15] tested a planar solar collector
and found that introducing a 1 % concentration of
nano-diamond fluid to water improved the collector’s
efficiency by 69.8 %. Entropy generation values ranged
from 5.541 % to 5.725 % with the use of nanofluids.
Akram et al. (2021) [16] investigated the performance
of flat collector solar panels using carbon and metal
oxide-based nanofluids. Stable nanofluids were created
using covalently functional carbon nanoparticles and
non-covalently functionalised metal oxides. The study
demonstrated improvement of conductivity in nanoflu-
ids, with nanoparticles, such as f-GNPs, SiO2, and
ZnO, by increasing concentrations by 25.68 %, 11.49 %,
and 15.44 %, respectively. Farhana et al. [17] studied
the effects of nanocellulose (CNC) nanofluids on im-
proving flat plate solar collector efficiency. By using
0.5 % CNC and 0.5 % Al2O3 nanofluids, the efficiency
improved by 2.48 % and 8.46 %, respectively. The
study also observed temperature-dependent increases
in thermal conductivity and decreases in viscosity of
the nanofluids. In essence, nanofluids show a promis-

26



vol. 64 no. 1/2024 Evaluating solar collectors with nanofluids in Kirkuk

Matter Density Specific heat Thermal conductivity Viscosity
[kg m−3] [J kg−1 K−1] [W m−1 K−1] [Pa s]

Water 997.13 4 179 0.605 0.00089
CuO 6 302 959.1 76.5 –
0.25 % CuO/Water 1 010.263 4 128.786 0.619014 0.00086

Table 1. Thermal characteristics of water and nanoparticles [13].

ing potential for improving the efficiency of flat-panel
solar collectors.

2. Experimental setup
This study involves a test setup with two flat solar
collectors: the first collector operates with pure water,
while the second uses nanofluids containing 0.25 %
volumetric concentration of copper oxide mixed with
water as the base liquid. The thermal characteristics
of the water and nanoparticles are shown in Table 1.
The collectors are equipped with temperature sensors
to monitor the inlet temperature, outlet temperature,
glass surface temperature, and absorber plate temper-
ature. Parameters like volumetric water flow, solar
radiation intensity on the collector, and wind speed
are also measured.

Experimental investigations were conducted to as-
sess practical efficiency. The study compared the
performance of the solar collector using pure water
with that of using nanofluid containing 0.25 % volu-
metric concentration of copper nanoparticles in water
as the base fluid. The experiments were conducted
from 9:00 a.m. to 5:00 p.m. at day, with volume flow
rates of 0.0089, 0.012, and 0.015 l/s to determine the
solar collector’s optimal performance parameters. A
visual representation of the test configuration can be
seen in Figure 1.

Figure 1. The experiment setup.

2.1. Flat solar collector
The system consists of a square-shaped aluminium
enclosure measuring 1 m by 1 m. The outer portion
comprises three layers of plastic panels, while the
inner layer is made of aluminium, with a 5 cm gap
between them. Insulating glass wool is placed within
the gap, topped by a 4 mm thick layer of transparent
glass cover. This thickness was selected to suit the
substantial cross-sectional area of the unit, safeguard-
ing it from potential breakage and weather conditions.
The design allows for optimal energy absorption from
above, allowing unobstructed solar radiation penetra-
tion while simultaneously minimising heat loss from
the structure’s surface. The collector is thermally
insulated from its base and sides. The scheme of the
flat solar collector is shown in Figure 2. For the sec-
ond collector variant, the preparation of nanofluid
(CuO/water) was achieved by mechanical mixing us-
ing an electric mixer. This process ensured uniform
suspension and dispersion of the nanoparticles within
the water medium. The solar collector is constructed
using copper tubes measuring 0.85 m in length, with
the following specifications:
• Header inner diameter: 22.5 mm, thickness: 1 mm.
• Riser inner diameter: 9.5 mm, thickness: 1.5 mm.

To prevent any heat dissipation from the storage
tanks to the surroundings, insulation was applied to
the internal surfaces of the setup using two layers
of Armaflex insulation material. The integration of
the solar collectors into the system was achieved by
using plastic tubes with a diameter of 1/2 in. These
tubes were used as conduits for facilitating the flow of
both water and nanofluids. Additionally, the system
was equipped with a range of connections and valves
designed to regulate the fluid flow effectively.

To ensure the required circulation, two vertical
pumps with a power rating of a quarter horsepower
and a minimum height of 2.5 m were used. One pump
was dedicated to conveying the nanofluid from its
designated tank to the nanofluid test system’s flatbed
solar collector. The second pump was responsible for
pumping the purified water from its storage tank to
the flatbed solar collector in the water test system.

In addition, the system was equipped with a spe-
cialised instrument designed to precisely measure the
flow rate of both water and nanofluids. The compo-
nents of the test system were mounted on two metal
bases, one serving as the mount for the fluid tank,
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Figure 2. A scheme of the flat solar collector.

and the other supporting the flat solar collectors of
both systems (water and nanofluids). Two additional
bases were designated for accommodating the flowme-
ters and digital scales. Thermocouples were used for
measuring the temperatures of the system.

2.2. Measuring devices of the solar
collector and calibrations

For monitoring the flow rates of both pure water
and nanofluids, a water flow sensor (YF, S201) with
a functional range of 1–30 L min−1 and a maximum
water pressure tolerance of 1.75 MPa was employed.
These flow sensors were carefully positioned according
to the configuration shown in Figure 2.

To measure the temperature of the fluid within the
primary and secondary solar collectors, a device was
developed to record the temperature, flow, and radi-
ation intensity. This device operates on an Arduino
chip. Specifically, the Arduino UNO variant was cho-
sen for its compatibility with the variables needed for
this study. It has 12 input and output points and
uses an external memory card (external memory) for
permanent data retention.

In each of the test systems, one using pure water
and the other employing nanofluid, seven data points
are captured: inlet temperature, outlet temperature,
absorber plate temperature, cover glass temperature,
ambient temperature, flow rate, and radiation inten-
sity. Readings are recorded on an hourly basis, and
the results are stored on a memory drive, as depicted
in Figure 2.

For temperature measurements, four digital Ar-
duino type [K] temperature sensors and four analogue
Arduino system connected (NTC) temperature sen-
sors were used. These sensor pairs were placed as
follow:

Temperature measurements were taken during the
experiment to determine the input and output tem-
peratures of the clean water as it transitions from
the main system to the flat-plate solar collector. Two
thermal sensors were placed at both ends of the tube
(header). Similarly, for the nanofluid, its input and
output temperatures as it flows from the main system
to the flat-plate solar collector are measured using two
thermal sensors at both ends of the tube (header).

On the absorber plate, temperature monitoring in-
volves installing two thermal sensors for each of the
systems. This arrangement allows for accurate mea-
surement of the surface temperature of the absorber
plate. Similarly, two thermal sensors are positioned on
the glass cover. This arrangement allows measuring
the surface temperature of the glass cover of both.

Furthermore, ambient temperature readings are ob-
tained by placing thermal sensors in the proximity of
both experimental systems. This approach ensures
an accurate measurement of the surrounding temper-
ature conditions, improving the comprehensiveness of
the collected data.

3. Theoretical methodology
Flat-plate solar water collector performance
(useful energy): The usable energy production of a
flat-plate solar water collector in steady state is [18,
19]:

Qu = ṁ × Cpnf
× (Tw,co − Tw,ci), (1)

where m is the fluid mass flow rate [kg s−1], Cp,nf is
the nanofluid specific heat

[
kJ (kg K)−1]

, Tw,ci and
Tw,co [K] are the temperatures of the fluid at the inlet
and the outlet of the solar collector, respectively.

The hourly efficiency, ηsc, for the flat plate solar
water collector is [20]:
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ηsc =
∫ t2

t1
Qudt

Asc
∫ t2

t1
I(t)dt

× 100 %, (2)

where I(t) is the instantaneous solar radiation in-
tensity [W m−2] and Asc is the flat-plate solar water
collector area [m−2].

4. Results and discussion
This section offers a comprehensive analysis of the
results obtained from the conducted tests on the flat
solar collectors. These tests were designed to improve
various aspects, such as the heat transfer coefficient,
heat gain, power, and operational efficiency, of a solar
collector. The initial case involved using water as a
benchmark for reference, aimed at quantifying the
percentage improvement in the efficiency of the flat-
plate solar collector.

Subsequently, the investigation progressed to the
second case, where a nanofluid with a 0.25 % concen-
tration of (CuO) nanoparticles was introduced. Differ-
ent flow rates, specifically 0.0089, 0.012, 0.018 L s−1,
were considered. Additionally, numerical simulations
of the same system, conducted under comparable con-
ditions, were performed using pure water and copper
nanoparticles at a 0.25 % concentration. The subse-
quent comparison of these simulation results allowed
for the assessment of their relative effectiveness and
performance.

Figure 3 illustrates the relationship between so-
lar radiation and the average daily time over a
span of four months (January, February, March, and
April). Across these four months, a discernible pattern
emerges in the intensity of solar radiation, marked
by a consistent rise from 9:00 a.m. to midday. This
phenomenon can be attributed to the perpendicular
alignment of the sun’s rays with the Earth’s surface,
resulting in a higher radiation absorption.

Figure 3. The intensity of solar radiation with the av-
erage time for the four months of 2023, Kirkuk/Iraq.

The trend continues as the solar radiation reaches
its zenith at noon, achieving a peak intensity of

580 W m−2 in January. Subsequent months show even
higher peaks, with February, March, and April reach-
ing 723 W m−2, 777 W m−2, and 871 W m−2, respec-
tively, at 12:00 a.m. This is because the sunrays are
most directly overhead during this time.

However, as the afternoon progresses, the solar ra-
diation intensity starts to decrease. This decline cor-
responds to the changing angle of the sun as it moves
away from the perpendicular position to the Earth’s
surface, ultimately resulting in decreased radiation
intensity.

Figure 4 shows the correlation between air tem-
perature and the progression of time across the four
months (January, February, March, and April). The
graph reveals significant fluctuations in air tempera-
ture during this period. Notably, there is a discernible
trend of rising temperatures as we transition into the
summer months.

Figure 4. Air temperatures for the four months of
2023 Kirkuk/Iraq.

This relationship can be attributed to the increasing
influx of solar radiation reaching the Earth’s surface.
As solar radiation intensifies, it contributes to elevated
air temperatures over extended periods, particularly
evident during the summer-preceding month of April.
In April, the temperature peaked at 25.5 ◦C in the
afternoon, demonstrating the warming effect of inten-
sified solar radiation as summer approaches.

Figure 5 illustrates the relationship between wind
speed and the current month (January, February,
March, and April). The graph demonstrates the dy-
namic nature of wind speed as it varies throughout the
day. Notably, the highest wind speeds were observed
around noon across the four months. April had the
highest wind speeds due to the increased temperatures
characteristic of that time of year.

In April, the maximum wind speed reached an im-
pressive 13.2 m s−1 at 5:00 p.m. in the afternoon. Con-
versely, the month of January had the lowest wind
speed, nearly approaching zero. This variation of wind
speed highlights the correlation between wind speed
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Figure 5. Wind speed over time for the four months
of 2023, Kirkuk/Iraq.

and temperature fluctuations, as well as the overall
climatic conditions during these months.

The relationship between efficiency and time for
different volume flow rates of 0.0089, 0.012, and
0.015 L s−1 of the nanoparticle fluid (CuO) at a con-
centration of 0.25 % can be seen from the thermal
efficiency values in Figures 6 to 9. Notably, the effi-
ciency demonstrated an upward trend from 9 a.m. to
1:00 p.m., with outcomes suggesting a direct correla-
tion between the solar radiation intensity and collector
efficiency. This effect is attributed to the thermal stor-
age capacity of the solar collector and the atmospheric
conditions.

While solar radiation intensity decreases post-noon,
the efficiency continues to rise until 1:00 p.m., due
to the minimised thermal losses. However, after
2:00 p.m., as solar radiation intensity further de-
creases, the collector’s efficiency begins to decrease
until around 5 p.m. The data presented in Figure 6
for January indicate that the highest efficiency was
achieved at the highest volume flow rate of 0.015 L s−1.
This notable efficiency increase is due to the increased
volume flow rate, which disrupts adjacent layers within
the tubes, thereby improving the heat transfer from
the tube’s surface to the fluid’s interior.

For the volume flow rate of 0.015 L s−1, the efficiency
reached 31.66 % at 1 p.m. compared to 29.52 % for
0.012 L s−1 and 26.91 % for 0.0089 L s−1. The increase
in efficiency for the flow rate of 0.015 L s−1 compared
to 0.012 L s−1 was 7.24 % and 17.65 % for 0.0089 L s−1.
Similar trends were observed for February, where the
highest efficiency was observed for the highest volume
flow rate of 0.015 L s−1, as can be seen in Figure 7.
With the increase in volume flow rate, the disruption
of adjacent layers within the tubes becomes more pro-
nounced, leading to an improved heat transfer from
the tube surface to the fluid. This effect is evident
in the recorded efficiencies. In the case of Febru-
ary, the highest efficiency was observed at a volume

Figure 6. Thermal efficiency with time at different
volume flow rates of nanofluid (CuO) at a concentra-
tion of 0.25 % for January 2023, Kirkuk/Iraq.

Figure 7. Thermal efficiency over time at different
volume flow rates of nanofluid (CuO) at a concentra-
tion of 0.25 % for February 2023, Kirkuk/Iraq.

flow rate of 0.015 L s−1, reaching 34.06 % at 1:00 p.m.
Comparatively, efficiencies for volume flow rates of
0.012 L s−1 and 0.0089 L s−1 were 32.55 % and 28.32 %,
respectively. The efficiency increased by 4.54 % when
the flow rate changed from 0.012 L s−1 to 0.015 L s−1,
and by 20.26 % when it changed from 0.0089 L s−1

to 0.015 L s−1. In March, the highest efficiency was
once again achieved for the highest volume flow rate
of 0.015 L s−1. This trend persisted because as the
volume flow rate increases, the efficiency also tends
to increase. Specifically, at 1:00 p.m., the efficiency
reached 39.58 % for a volume flow rate of 0.015 L s−1

compared to 37.02 % for 0.012 L s−1 and 32.03 % for
0.0089 L s−1. The efficiency increased by 6.9 % when
the flow rate changed from 0.012 L s−1 to 0.015 L s−1,
and by 23.57 % when it changed from 0.0089 L s−1 to
0.015 L s−1, details can be seen in Figure 8.

Lastly, Figure 9 demonstrates the results for April,
where the highest efficiency was achieved with the
largest volume flow rate of 0.015 L s−1. At 1:00 p.m.,
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Figure 8. Thermal efficiency over time at differ-
ent volume flow rates of nanofluid (CuO) at a con-
centration of 0.25 % for the month of March 2023,
Kirkuk/Iraq.

Figure 9. Thermal efficiency over time at differ-
ent volume flow rates of nanofluid (CuO) with a con-
centration of 0.25 % for the month of March 2023,
Kirkuk/Iraq.

the efficiency for this flow rate reached 44.44 %.
The subsequent Figures 10–13 illustrate the cor-

relation between thermal efficiency and time rate at
a constant volume flow rate of 0.015 L s−1. These
figures pertain to the month of January and involve
both the pure water and the nanofluid containing CuO
nanoparticles at a concentration of 0.25 %. The ob-
served trend indicates that the efficiency progressively
increases from 9 a.m. to 1 p.m., due to the increas-
ing solar radiation intensity. Conversely, it decreases
between 1 p.m. and 5 p.m. due to the decreasing in-
tensity of incident solar radiation for both scenarios
(pure water and CuO nanofluid).

As can be concluded, the depicted figures highlight
the highest efficiency in the case of the CuO nanofluid.
The results indicate that the physical properties of

Figure 10. Thermal efficiency over time for a volume
flow rate of 0.015 L s−1 for pure water and nanofluid
(CuO) at a concentration of 0.25 % for January 2023
Kirkuk/Iraq.

Figure 11. Thermal efficiency over time for a volume
flow rate of 0.015 L s−1 of pure water and nanofluid
(CuO) at a concentration of 0.25 % for February 2023
Kirkuk/Iraq.

the fluid (pure water) are enhanced by the addition of
nanoparticles. This improvement involves increasing
the fluid’s thermal conductivity, which enhances heat
transfer between the solar collector’s tube wall and
the fluid. The presence of nanoparticles in the fluid
also promotes turbulent movement, further improving
heat transmission between the tube wall and the fluid
within the collector.

As can be seen from Figure 10, which shows the re-
sults from January, the efficiency of the CuO nanofluid
in the solar collector reached 31.66 % at 1:00 p.m.,
while pure water reached an efficiency of 27.18 %.
That is an increase of 16.48 % compared to the CuO
nanofluid with pure water. Similarly, in February, the
efficiency of the CuO nanofluid reached 34.06 % at
1:00 p.m., as compared to pure water’s efficiency of
29.07 %.

Similarly, as can be seen from Figure 11, in February,
the measured efficiency of the CuO nanofluid reached
34.06 % at 1:00 p.m. in contrast to the efficiency of
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pure water, which reached 29.07 %. This illustrates a
significant increase in efficiency of 17.16 % attributed
to the CuO nanofluid.

In March, the efficiency of the CuO nanofluid within
the solar collector reached 39.58 % at 1:00 p.m., while
pure water reached an efficiency of 31.23 %, as shown
in Figure 12. In April, the efficiency of the CuO
nanofluid in the solar collector reached at 44.44 % at
1:00 p.m., while pure water reached an efficiency of
32.61 %, as shown in Figure 13.

Figure 12. Thermal efficiency over time for a volume
flow rate (0.015 L s−1) for pure water and nanofluid
(CuO) at a concentration of 0.25 % for the month of
March 2023 Kirkuk/Iraq.

Figure 13. Thermal efficiency over time for a volume
flow rate of 0.015 L s−1 of pure water and nanofluid
(CuO) at a concentration of 0.25 % for the month of
April 2023 Kirkuk/Iraq.

It’s important to note from the aforementioned
Figures 10–13 that the highest thermal efficiency was
consistently observed with the highest volume flow
rate (0.015 L s−1) during April. This is due to the
heightened solar radiation intensity during this specific
month compared to the others under consideration.

5. Conclusions
From the experimental results, it can be concluded
that the efficiency of the solar collector displays an

upward trend from 9:00 a.m. to 1:00 p.m. This trend
suggests that despite the decline in solar radiation in-
tensity post-noon, the efficiency continues to increase
until 1:00 p.m. This effect is attributed to the thermal
storage of the solar collector and its surroundings,
leading to reduced heat losses – the dissipation of heat
from the collector to the external environment.

Around 2:00 p.m., the efficiency of the collector
starts to decrease due to the lower solar radiation
intensity during that period. The peak efficiency of
the nanofluid (CuO) at a concentration of 0.25 % was
achieved with the highest mass flow rate (0.015 L s−1).
This outcome is linked to the fact that a greater mass
flow rate disrupts the adjacent layers within the tubes,
resulting in improved heat transfer from the tube’s
surface to the fluid.

For reference, at a mass flow rate of (0.015) litres per
second, the measured collector efficiency was 31.66 %,
34.06 %, 39.58 %, and 44.44 % in the months of Jan-
uary, February, March, and April, respectively.
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