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and thermal conductivity. Comparative analysis with traditional water-primarily
based structures revealed widespread improvements in thermal overall perfor-
mance. The nanofluid-more desirable system carried out a temperature upward
thrust of 35°C compared to 29°C in traditional structures below comparable solar
irradiance conditions (800 W/m?). This enhancement is attributed to the nanofluid's
superior heat transfer properties, validated through stable heat transfer coefficients
and efficient energy absorption (40% efficiency). The novelty of this work lies inside
the synergistic use of more than one nanoparticle to enhance thermal conductivity
and heat transfer efficiency in solar water heating systems. This research combines
TiO,, graphene oxide, and carbon black to leverage their complementary properties.
By demonstrating the effectiveness of nanofluids in enhancing solar water heater
performance, this research contributes to the ongoing efforts to optimize renewable
energy utilization. Future research directions include optimizing nanofluid compo-
sitions for different environmental conditions and scaling up production methods
for commercial deployment.
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1. Introduction

Solar water heating systems have become a popular and
eco-friendly alternative for meeting hot water needs in
residential and commercial settings. The challenge lies in
balancing performance with maximum energy efficiency.
Recent advancements in nanotechnology offer promising
opportunities for enhancing heat exchange and energy ab-
sorption in solar collectors. Solar energy, being clean and
renewable, has gained considerable attention [1]. Solar
water heaters with solar collectors are among the most ef-
fective means of harnessing solar power [2, 3]. Monitoring
solar thermal systems is crucial due to their light-to-heat
conversion process. Domestic water heating is a common
application of solar water heaters globally, typically used
for washing or bathing needs. Passive flow solar collectors
can produce steam at around 85°C and form the basis of
solar water heater systems. Active solar water heaters
combine antifreeze with water to prevent pipe damage in
colder climates and mitigate salt precipitation inside tub-
ing [7, 8]. Nanoparticle additives have been developed to
enhance the heat content of water, making it a more effi-
cient working fluid in thermal systems. By incorporating
nanoscale particles into the working fluid, the heat con-
duction rate is improved, addressing issues of low heat
conductivity and transfer in traditional fluids [9, 10]. Both
theoretical and experimental research worldwide has fo-
cused on the use of nanofluids in various industries [11,
12]. Studies indicate that nanofluids can significantly im-
prove heat exchange efficiency, with the potential to triple
the thermal conductivity of conventional fluids [13, 14].
Previous research has demonstrated the effectiveness of
adding nanoscale metal oxide particles to working fluids
in enhancing thermal conductance [16, 17]. For instance,
Yousefi et al. reported a 29% energy savings using alu-
mina-based nanofluids for solar collectors [18]. Ghafurian
et al. observed a maximum energy conversion efficiency
of 79% with graphene oxide nanofluids for solar steam
generation [19]. The highest efficiency was reported by
Ram Kumar and colleagues, who used TiO2 nanofluids in
industrial heat transfer applications [20]. Lotfi et al. found
higher efficiency in capturing thermal radiation with Ti02
nanoparticles in evacuated tube solar water heaters [21].
Suthahar et al. improved the heat transfer coefficient in
flat plate solar thermosyphon collectors by introducing ti-
tanium dioxide nanofluid [22]. Wasan's study highlighted
the potential of carbon nanoparticles from carbon black
powder to revolutionize solar water heater usage [23].
Kaood, Amr et al. [24] Developed a comprehensive com-
putational fluid dynamics version to analyze nanofluid
drift in corrugated tubes. Their study centered on evalu-
ating distinctive nanofluid kinds and tube configurations
to assess their thermal, hydraulic, and ordinary electricity
performance. They determined that curved ribbed tubes
confirmed advanced performance compared to different
configurations at slight to excessive flow quotes, no mat-
ter the nanofluid used. Their findings underscore the

ability of the usage of corrugated tubes to decorate
warmth switch efficiencies, particularly when combined
with nanofluid applications. Sharaf, M. A. et al. [25] im-
proved double-pipe helical heat exchangers using silicon
dioxide nanofluid (SiO2/water) and spring wire inserts.
They found that combining 0.3% nanofluid with spring
wire inserts increased heat transfer significantly, achiev-
ing a 174% higher Nusselt number and 157% higher pres-
sure drop compared to using nanofluid or spring wire in-
serts alone. Their study emphasized spring wire inserts
effectiveness in enhancing double-pipe helical heat ex-
changers performance, supported by detailed tempera-
ture and flow data. Fadodun, O. O. et al [26] studied hy-
brid nanofluid flow in corrugated-converging pipes, ex-
ploring the effect of Reynold’s number, diameter ratios,
and nanoparticle concentrations. Using Ansys Fluent, they
found higher Nusselt numbers and increased pressure
drops in corrugated pipes due to enhanced turbulence
and better mixing. Corrugated pipes show potential for
significant heat transfer enhancement and energy sav-
ings.

Singh, S. K. et al [27] studied how nanofluids (SiO2/water
and Al203/water) improve pool boiling by delaying criti-
cal heat flux and achieving high heat transfer at lower wall
temperatures. They explored how different heater mate-
rials and nanofluid concentrations affect heat transfer ef-
ficiency. Using simulations, they found that nanofluids
create a nano-porous layer on heater surfaces, boosting
heat transfer while lowering wall temperatures. Azimy, N.
et al [28] studied improving heat transfer in flat-plate so-
lar collectors by using zigzag-shaped pipes instead of
straight ones. They tested fly ash-Cu/water hybrid
nanofluids to see how different flow rates, temperatures,
and nanoparticle amounts affect efficiency and heat trans-
fer. Results showed zigzag pipes boosted efficiency com-
pared to straight pipes, especially with 0.5% nanoparticle
concentration under specific conditions. Chandran, S. et al
[29] investigated TiO2 nanofluid in shell and tube heat ex-
changers for solar water heating. They found that adding
TiO2 nanoparticles (0%-0.2% concentration) signifi-
cantly improved heat transfer., heat transfer increased by
more than 75%. Vyas, G. [30] studied how adding Al203
nanoparticles to water improves solar water heater effi-
ciency. They found that using these nanoparticles in-
creased thermal efficiency significantly. Without nano-
particles, efficiency ranged from 13% to 18% under dif-
ferent sunlight levels, while with nanoparticles, efficiency
improved to 27% to 40%. This improvement was con-
sistentacross various water flow rates. This research aims
to test a mixed nanofluid of water with TiO2, graphene ox-
ide, and carbon black nanoparticles in a passive solar wa-
ter heater system to evaluate its impact on thermal per-
formance. The study, conducted in August 2022 in Upper
Egypt, focuses on the synergistic effect of nanoparticles in
enhancing solar water heater performance.

DOI: 10.21608/FUJE.2024.282225.1072

17

Fayoum University Faculty of Engineering, 2025, Vol: 8(1)



Yakoub, N.G.

2. Experimental setup
2.1. Solar Heater Fabrication

The solar water heater that served as the prototype for
this study was locally assembled using readily available,
low-cost materials, as shown in Figure 1. The components
used are a primary tank, a secondary tank, and a solar col-
lector with dimensions of 1.550 m x 0.8 m. The main tank,
which stored about 100 liters of water, was surrounded
with insulation to slow down heat loss. The coil or the sec-
ondary tank was immersed within the primary tank and
held the nanofluid. The solar collector, positioned in front
of the primary tank in a direction to obtain as much solar
exposure as possible, joined the secondary tank via the
circulation loop. The heated nanofluid went into the coil
(secondary tank) immersed inside the main tank, through
which the water flows along the coil in the secondary tank.
Thermosyphon action was used for the flow of the
nanofluid from the bottom line to the top line of the solar
collector without using any pump system. Figure 2. shows
the schematic diagram of the whole process between the
solar collector, primary, and secondary tanks and explains
that all these components are vital in the system. The cir-
culated nanofluid carried the heat collected through the
collector and then transferred it to the coil inside a large
tank. The top face of the solar collector was sealed with
a glass cover of high transmittance; the solar panel was
isolated on all sides and rounded by 60-mm-thick glass
wool. Also, the primary tank was isolated using glass wool
to minimize the heatloss that could occur. The heater was
designed such that its south-facing tilt was at 35° [31-33].
Water and surrounding temperatures were measured us-
ing J-type thermocouples.
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Figure 1. Materials used during fabrication
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Figure 2. Heat exchange schematic diagram

2.2. Nanofluid

The nanofluid blend is synthesized using three different
types of nanoparticles: TiO2 nanoparticles (average diam-
eter: 20 nm), graphene oxide nanoparticles (average di-
ameter: 50 nm), and carbon black nanoparticles (average
diameter: 30 nm) are dispersed in deionized water using
the stirring method. Figure 3 shows the SEM photos of dif-
ferent nanoparticles used in nanofluid. The concentration
of each nanoparticle is precisely controlled to achieve
10,000 ppm. Table 1 shows the specifications of the dif-
ferent nanoparticles used in the experimental study. Us-
ing a magnetic stirrer for 30 minutes, The nanoparticles
were mixed with a solution of sodium dodecyl sulfate,
which was used as a stabilizing agent to guarantee that the
base water and nanoparticles were thoroughly mixed. The
nanoparticle solution was combined with plain water and
stirred for 80 minutes. The nanofluid was then trans-
ferred to a separate tank to be stored for further use in the
experiment.

Table 1 Specification of nanoparticles

Solar Panel

Nanoparticles | Density Specific Thermal Melting
(g/cm?) Heat Ca- Conductivity | Point (°C)
pacity (W/mK)
0/g°Q)
TiO2 4.23 0.7 10 1830
Graphene Ox- 2.1 0.5 500 390
ide
Carbon Black 1.8 0.6 300 3000

DOI: 10.21608/FUJE.2024.282225.1072

Fayoum University Faculty of Engineering, 2025, Vol: 8(1)



Yakoub, N.G.

ol (N y ' . . 1 .
Figure 3. SEM of a) TiOz b) Graphene Oxide c) Carbon Black
2.3. Performance Evaluation

The temperature sensors were set at convenient points inside both pri-
mary and secondary tanks. They made it possible to track any tempera-
ture changes. The level of solar irradiance was measured by calibrated
pyranometers, which were located at the closest point to the solar col-
lector. Nanofluid characterization involved continuous assessment of
nanoparticle size distribution, zeta potential, and thermal conductivity
and measurement using dynamic light scattering, electrophoretic light
scattering, and thermal conductivity meters, respectively. Walter meas-
ured the circulation loop flow rate and pressure drop through its circu-
lation loop by means of flow meters and pressure sensors. This coeffi-
cient of heat transfer was computed using the temperature difference
between the ambient environment and the nanofluid.

2.4. Experimental Procedure

During the 6-hour experiment, only the sunny and clear days were taken
into consideration. Daily readings for solar irradiance, temperature, flow
rate, and pressure drop data were taken. Nanofluid and sample fluids
were taken at planned time intervals for characterization. The data sets
collected were examined so as to determine the efficiency of using a so-
lar water heating system enhanced with nanofluid.

2.5. Statistical Analysis

Statistical analysis was performed by selecting adequate software and
making use of the significance of the observed outcome that correlates
with other variables. ANOVA (analysis of variance) and regression anal-
ysis were employed to see whether there existed any distinct patterns
or trends within the data.

2.6. Data Validation and Uncertainty Analy-
sis

All measurement instruments were subjected to a calibration procedure
prior to the experiment to ensure data accuracy. Duplicate measure-
ments and controls were implemented to validate the experimental re-
sults by repeating the measurements. An uncertainty analysis was con-
ducted to account for potential errors in temperature sensors, pyranom-
eters, flow meters, and pressure sensors. The uncertainty in tempera-
ture measurements was +0.5°C, while the uncertainty in solar irradiance
measurements was +5 W/m? Flow rate measurements had an uncer-
tainty of £0.1 L/min, and pressure drop measurements had an uncer-
tainty of £0.05 Pa.

3. Results and Discussion
3.1. Temperature Rise Analysis

Data about temperature elevation was collected in both
the primary and secondary tanks throughout the experi-
ment. The composite nanofluid fluid gave an excellent
thermal yield compared to only water-based systems. Fig.

Temperature (°C)

4 represents the temperature rise profiles over the 6-hour
exposure period. Heat accumulated in the tank over time
and reached a maximum of 30°C in 6 hours when the sun-
light was supplied. While the primary tank, which con-
tained the regular water homogenous phases, recorded
temperatures reaching 29°C, the secondary tank, which
contained our nanofluid blend, showed higher absorption
efficiency and was registering 35°C only after the same
amount of time. This shows that a solar system with
nanofluid provides better thermal performance. These
findings align with the study by Singh et al. [27] demon-
strated significant heat transfer improvements using Si02
and Al203 nanofluids, while Ghafurian et al. [19] reported
high energy conversion efficiencies with graphene oxide
nanofluids for solar steam generation. Similarly, Ram Ku-
mar et al. [20] found enhanced thermal conductance using
TiO2 nanofluids in industrial applications. The work of
Suthahar et al. [22] also supports our results, showing im-
proved heat transfer coefficients with TiO2 nanofluids in
flat plate solar collectors. Comparing the results with
other published works, the thermal performance of lo-
cally fabricated nanofluid-enhanced solar water heater is
consistent with observed improvements in systems using
various nanofluids. For example, in the study "Thermal
Performance of Coaxial Evacuated Tube Collector” [31], a
significant temperature rise was achieved using phase
change materials (PCM) under varying solar radiation in-
tensities. current study shows similar trends in thermal
enhancement, with nanofluid blends outperforming tradi-
tional water-based systems. These findings are also
agreed with the broader context of enhancing solar en-
ergy systems through advanced materials. For instance,
the work by Kaood et al. [24] demonstrated improved
thermal performance in corrugated tubes using nanoflu-
ids, and Sharaf et al. [25] showed enhanced heat transfer
in double-pipe helical heat exchangers with SiO2 nanoflu-
ids. Such research highlights the potential of nanofluid ap-
plications in optimizing solar water heaters and other
thermal systems.
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Figure 4. Temperature Rise Profiles
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3.2. Solar Irradiance Measurements

The solar irradiance levels were shown continuously dur-
ing the experiment in order to determine the intensity of
solar radiation incident on the solar collector. These data
measurements are shown in Figure 5 by the solar irradi-
ance curve over the 6-hour period. During the experiment,
800 W/m? was the average intensity, with no significant
changes observed in the irradiance visibility. This exactly
replicated solar input provided an opportunity for the
nanofluid mix to absorb the energy quickly, as the pres-
ence of dye in the secondary reservoir resulted in the ob-
served rise in temperature. The findings of this study cor-
roborate those of earlier studies [34-35]. which have sim-
ilarly demonstrated the enhanced energy absorption
characteristics of nanofluids under controlled solar radia-
tion conditions. This study's results are in line with the
findings reported in [36], where a novel technique for
evaluating the absorption rate of solar radiation by
nanofluids was presented. That study highlighted how,
over time, the absorption rate of the nanofluid decreased
due to nanoparticle loss in suspension, despite initial effi-
cient absorption capabilities observed in the early stages
of circulation.

Solar Irradiance Measurements
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Figure 5. Solar Irradiance
3.3. Nanofluid Characterization:

The results of the zeta potential indicated the stability of
all nanofluids, with all zeta potential values exceeding +30
mV. The density of TiO2, graphene oxide, carbon black
nanofluids was measured, and the results showed de-
pendence on the type of nanofluid, as TiO2 nanofluids
were demonstrated to have the highest density of 4.23
g/cm2. The specific heat capability data of various sam-
ples was between 0.42 and 0.49 J/g °C. Graphene oxide
nanofluid demonstrated the lowest specific heat capabil-
ity. Thermal conductivity values were extremely varying,
being graphene oxide nanofluids with 500 W/mK. It was

discovered that the melting points were different, with
TiO2 nanofluids having the highest melting point of 1830
oC. Summarizing the results of characterization estab-
lishes a basis for understanding the interaction between
nanofluids and their physical and thermal properties, as
well as the functioning of this solar water heating system.
The essential points of the nanofluid characterization
study are presented in Table 2 below. These results are
consistent with earlier research, such as [37], which in-
vestigated the effects of non-covalent and covalent sur-
face modifications on carbon nanotubes and graphene
platelets dispersed in solar thermal fluids. The study high-
lighted enhancements in thermal conductivity achieved
through surfactant and acid treatments, demonstrating
up to a 16% increase with nanofluids in water mixtures.
The current study builds upon these insights, offering fur-
ther understanding of nanofluid interactions and their im-
plications for optimizing solar energy applications.

Table 2 Nanofluid Characterization.

Property Value
Nanoparticle Diameter 35 nm
Zeta Potential -20 mV
Thermal Conductivity 0.9 W/m-K
Viscosity 2.5cP

pH 7.2
Surface Tension 72 mN/m
Density 1.05 g/cm?

3.4. Flow Dynamics and Pressure Drop

Through flow rate and pressure drop measurements, it
was possible to gather information on the fluid dynamics
in the circulation loop. The data provided in Figure 6 de-
termines the flow rate and pressure drop data that were
recorded during the process of the tests. These findings
show that the flow rates are 0.025 L/s and 1.5 kPa of the
pressure drop, which are constant during the timescale of
6 hours. The data shows the system has stable and effi-
cient fluid flow, allowing uniform heat distribution and
transfer, which is the key to good heat transmission per-
formance. These results align with the objectives outlined
in [38], where numerical simulations and experimental
validations showed improvements in Nusselt number by
up to 2.5 times with specific dimple configurations and
flow rates. Current study findings underscore the im-
portance of stable and efficient fluid dynamics for achiev-
ing uniform heat distribution and optimal heat transfer
performance in solar water heating systems.
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3.5. Heat Transfer Coefficient Analysis

The value of the heat transfer coefficient was used to
measure heat exchange between nanofluid and the sur-
rounding environment. Fig. 7 represents the time-de-
pendent variation of the heat transfer coefficient. The av-
erage heat transfer coefficient was 0.5 kW/m2K, and its
value hardly varied during the experiment. This shows the
turbulent and constant nature of energy transfer in the so-
lar water heating system, which is enhanced by the
nanofluid mixture. These observations are in harmony
with findings from [39], where CeOz/water nanofluid was
investigated in a similar flat plate solar collector setup.
Their study demonstrated that nanofluid-based systems
achieved enhanced heat transfer coefficients and higher
energy efficiencies compared to conventional water-
based systems. Specifically, using a volume concentration
of 0.05% CeO2 nanofluid at a flow rate of 2 L/min, they
reported a 28 % increase in solar collector efficiency over
water alone. Moreover, their analysis highlighted reduced
entropy generation and enhanced exergy efficiencies, re-
inforcing the benefits of nanofluid use in solar thermal ap-
plications.
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Figure 6. Flow Rate and Pressure Drop

515

Y
el
=]

Heat Transfer Coefficient (W/m3K)

485

480

0 1 2 3 4 5
Time (hours)

Figure 7. Heat Transfer Coefficient Variation

3.6. Energy Absorption Efficiency Calculation:
This parameter is used for analyzing the overall efficiency
of the system with respect to the amount of solar energy
it can convert into heat that the nanofluid can absorb.

Efficiency of Energy Absorption (%) = [(Total Solar En-
ergy Absorbed by Nanofluid) / (Incident Total Solar En-
ergy)] *100.

Total Energy Absorbed by Nanofluid: 12 kWh, while total
incident solar energy is 30 kWh.

The energy absorption efficiency is (12 kWh / 30 kWh) *
100 = 40%.

The energy absorption efficiency yielded by the power
calculations is presented in Figure 8. The nanofluid-based
solar water heating system demonstrated an efficiency of
40% energy, which means that 40% of the solar radiation
was converted to heat for heating. This demonstrates that
the employment of nanofluid may have the capability of
improving the energy efficiency of the solar water heater,
which in turn results in higher heating performance. Note
that this has the same consequences as previous studies
[40-41]. Specifically, studies employing o-Fe203-gra-
phene oxide/ethylene glycol nanofluids [42] in novel
forced convection systems reported a photothermal con-
version efficiency of 57%, representing a substantial 15%
improvement over conventional systems. This enhance-
ment is attributed to the synergistic effects of a-Fe203 na-
noparticles, which enhance optical absorption and act as
nano-rotors under external magnetic fields. By showcas-
ing the current system's efficient energy absorption capa-
bilities, paper results align with the broader research goal
of leveraging nanofluid technologies to advance solar
thermal applications. These findings not only validate the
theoretical potential but also underscore practical
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implications for enhancing the thermal performance of
solar water heating systems
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Time (hours)

Figure 8. Energy absorption efficiency

3.7. Statistical Analysis

In this section, a comprehensive statistical analysis was
conducted to explore the correlations between solar irra-
diance, temperature rise, and energy absorption effi-
ciency in the nanofluid-integrated solar water heating
system. The objective was to evaluate the efficacy of the
nanofluid blend in enhancing system efficiency and to
identify significant relationships among these variables.

Statistical Tests Used: Pearson correlation coefficients
were calculated to measure the linear relationship and
strength of association between pairs of variables (solar
irradiance, temperature rise, and energy absorption effi-
ciency). The coefficients provide insights into how
changes in one variable correlate with changes in another,
ranging from -1 (perfect negative correlation) to 1 (per-
fect positive correlation).

Significance Testing: Hypothesis testing was performed to
assess the significance of the correlations. The null hy-
pothesis (Ho) assumed no significant correlation (p = 0). A
significance level () of 0.05 was used, meaning that cor-
relations with p-values less than 0.05 were considered
statistically significant.

Findings and Interpretation:
- Solar Irradiance and Temperature Rise

o A very high positive correlation was observed be-
tween solar irradiance and temperature rise (r = 0.85, p <
0.01).

o This indicates that higher solar irradiance levels

corresponded to greater temperature increases in the pri-
mary tank of the solar water heating system.

o  Figure 9-a visually represents this strong positive
linear relationship through a scatter plot.

- Solar Irradiance and Energy Absorption Efficiency

o There was a strong positive correlation between so-
lar irradiance and energy absorption efficiency (r = 0.93,
p <0.02).

o This suggests that higher solar irradiance levels led
to increased efficiency in energy absorption by the
nanofluid-integrated solar water heating system.

o  Figure 9-b illustrates this relationship, emphasizing
the efficiency gains with higher solar input.

- Temperature Rise and Energy Absorption Efficiency

0  An elevated positive linear trend was observed be-
tween temperature rise and energy absorption efficiency
(r=0.88,p<0.01).

o This indicates that as the temperature rise in the pri-
mary tank increased, so did the system's energy absorp-
tion efficiency.

o  Figure 9-c visually depicts this relationship, showing
how higher temperatures contribute to improved energy
utilization.

The statistical analysis provided robust evidence of signif-
icant correlations among solar irradiance, temperature
rise, and energy absorption efficiency in the nanofluid-en-
hanced solar water heating system. These findings under-
scored the effectiveness of the nanofluid blend in optimiz-
ing heat transfer and enhancing overall system efficiency
under varying solar conditions. Understanding these cor-
relations is crucial for system designers and policymak-
ers, as it informs decisions regarding system optimization
and maximizing energy output from solar water heating
technologies. By leveraging nanofluids to enhance ther-
mal performance, these systems can achieve higher en-
ergy efficiencies, contributing to sustainable and efficient
renewable energy solutions. This study highlights the im-
portance of integrating advanced materials like nanoflu-
ids into renewable energy technologies, paving the way
for more efficient utilization of solar energy in heating ap-
plications.
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Figure 9. Statistical Analysis

3.8. Limitations of the Study

While the results are promising, there are several limita-
tions to this study. The experimental setup was conducted
under controlled conditions in Upper Egypt, and the re-
sults may vary under different environmental conditions.
Additionally, the long-term stability and potential agglom-
eration of nanoparticles in the nanofluid were not exten-
sively studied, which could affect performance over ex-
tended periods. Future research should focus on optimiz-
ing nanofluid compositions for different environmental
conditions and evaluating the long-term stability of the
nanofluids.

4. Conclusions

In summary, integrating TiO2, graphene oxide, and car-
bon black nanoparticles into nanofluid blends signifi-
cantly enhances solar water heaters by improving heat
transfer efficiency and stable solar energy absorption. Key
findings include:

e  Nanofluid blends demonstrated higher temperature
increases compared to conventional systems.

e  The nanofluid consistently absorbed solar radiation
effectively.

e  Characterization confirmed stable dispersion of na-
noparticles with varying properties crucial for system op-
timization.

e  The system showed consistent flow dynamics and
minimal pressure drop.

e  Stable heat transfer coefficients highlight ongoing ef-
ficiency improvements.

e Achieving 40% solar energy absorption efficiency
demonstrates effective use of solar radiation for heating.

e  Future studies should focus on optimizing nanopar-
ticle compositions, exploring durability under varied con-
ditions, and developing scalable manufacturing methods.
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