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Highlights:
e Asolar heat exchanger (SHX) design was successfully created and proven to be effective.
¢ Hybrid nanofluid Al,03+ SiO,+EG/W (10:90) can increase cooling performance up to 56.07%.
¢ The effectiveness of the Al,03+Si0,+EG/W (10:90) hybrid nanofluid for SHX was 117%.

* The calculation and experimental accuracies were quite accurate; through the uncertainty
analysis of the Nusselt number, the value was 0.26%, whereas the Reynolds number was
1.7%.

Abstract

This study examined the thermohydraulic efficiency of a novel Solar Heat Exchanger (SHX) designed
for cooling solar panels. The SHX was specifically created for 20 Wp solar panels measuring 450 x
350 mm. The cooling medium was a hybrid nanofluid (HNF) consisting of Al,Os3 and SiO,
nanoparticles (0.5—-1%) suspended in a base fluid of ethylene glycol and water (EG/W) at a 10:90
ratio. Experiments were performed using flow rates ranging from 1 to 3 LPM. The HNF coolant
demonstrated enhanced performance in the solar heat exchanger, with a maximum heat transfer
rate increase of 56.07% compared with that of the base fluid. This improvement in the heat-
transfer rate was associated with an increase in the heat-transfer coefficient, which was influenced
by the flow rate and volume fraction of the HNF. The effectiveness of the HNF surpassed that of
the base fluids by approximately 117%. The results indicated that higher flow rates and volume
fractions improved cooling performance. The enhanced cooling efficiency and innovative SHX
design make this study particularly relevant to the development of solar panel cooling systems,
particularly those employing hybrid nanofluid coolants.

Keywords: Hybrid nanofluids; Solar Heat Exchanger; Thermal conductivity; Al,O3; SiO,

1. Introduction

In recent years, solar-panel cooling has become a topic of interest. The reduction in the
surface temperature of solar cells is carried out from various perspectives, such as the type of
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Nomenclature

NP Nanoparticle, (-) SHX Solar heat exchanger, (-)
NF Nanofluid, (=) SSA Surface specific Area, (m?/g)
HNF Hybrid nanofluid MNF Mono nanofluid

TC Thermal conductivity, (W/m.K) PV Photo voltaik

HTC Heat transfer coefficient CoA Certificate of analysis
EG/W Ethylene glycol water mixture, (-) LPM Liter per minute

o} Density, (kg/m3) Ty Bulk temperature, (C)

® Volume concentration, (%) Ut Wall temperature, (C)

Cp Specific heat, (J/kg.K) Q Heat transfer rate, (Watt)
Y4 Viscosity, (mPa.s) Dy, Hydraulic diameter, (mm)
k Thermal conductivity, (W/m.K) h Heat transfer coefficient
nf Nanofluid, (-) p Circumference, (m)

f Base fluid, (-) As Cross sectional area, (m?2)
bf Base fluid, (-) Rn Thermal resistance, (-)

v Velocity, (m/s) Nth Thermal effectiveness, (-)
m Mass flow rate, (kg/s) P Pressure, (Bar)

T Inlet temperature, (C) Nu Nusselt number, (-)

To Outlet temperature, (C) Re Reynolds number, (-)

coolant using air [1], [2], [3] and liquid, and the design of the thermal collector [4]. According to
Huang et al. [5], when the temperature exceeds a predetermined threshold and other
environmental factors, such as wind direction and speed, the short-circuit current and open-circuit
voltage of solar cells pose a significant risk to the output power of photovoltaic (PV) modules. From
the fluid side, conventional coolants [6], phase-change materials-PV [7], [8], and nanofluids [9],
[10], [11] are used as solar panel cooling media to improve the thermal performance, increase the
electrical efficiency, make it durable, and prevent damage to solar cells. Recently, Hybrid
nanofluids (HNF), which are an advanced engineering of mono-nanofluids, are believed to have
better transfer performance owing to the high kinetic energy generated by nanoparticle collisions
[12], [13].

Nanofluids (NF) for solar panel cooling with several types of nanoparticles (NP), such as
carbon-coated cobalt [14], SiC [15], TiO, [16], and Al,O; [17], [18], [19], [20], exhibit good
performance in improving fluid performance. Al-Waeli et al. [15] added 3 wt.% SiC into water
resulting in an increase in thermal conductivity (TC) of up to 8.2%. The efficiency increased by
24.12%, and the panel surface temperature decreased by 16 °C. Murtadha et al. [16] conducted a
study using TiO, mono nanofluid (MNF) with a concentration of 1-3 wt%. The results showed that
the highest concentration exhibited the highest efficiency (19.23%). Fikri et al. [21] also used TiO,
and mixed it with SiO, nanoparticles at ratios of 30:70 and 70:30 to form HNF. Their results showed
that the highest TC of the TiO,- SiO, HNF was produced at a ratio of 30:70. Azmi et al. [22] also
used TiO,-Si0, HNF and the heat transfer of TiO,- SiO, HNF was enhanced up to 211.75%.
Furthermore, Ramadhan [23] Azmi and developed tri-hybrid nanofluids (Al,0s-TiO»-SiO,) and
found that Al,0s-TiO,-SiO; nanofluids with a mixing ratio (20:64:16) exhibited the lowest relative
viscosity.The same NP mixture was also used in radiator applications by Ramadhan et al. [24] and
resulted in a maximum increase in the heat transfer coefficient (HTC) for the air side observed up
to 23.8% at a volume concentration of 0.05%. Studies have revealed that Al,O; is widely used in
nanofluids owing to its advantages in terms of fluid thermal properties. Al,03 is abundant and easy
to obtain [17].

Nanoparticles (NP) for nanocoolants are selected based on their thermophysical properties,
such as alumina (Al,0s), which is a good insulator or heat and electricity barrier and has a high TC.
Water and Ethylene Glycol are commonly used as base fluids in heat exchangers. Despite their poor
conductivities, EG/water (EG/W) base fluids are widely used to prepare nanofluids, and a certain
ratio is used to overcome the low boiling point of water [25]. Further developments in base fluids,
namely the use of EG/water-based base fluids, have received much attention, perhaps because
they have good heat-transfer characteristics, particularly in cold climates [26], as performed by
Sundar et al. [18], to increase the TC of the combination of Al,Os and three variations of EG/W,
namely, the 80:20, 60:40, and 40:60 ratios. Vajjha and Das [19] also used EG fluid. Esfe et al. [20]
conducted a study on the TC of Al,0s mixed with EG/W at a ratio of 60:40.

This study presents a novel approach utilizing hybrid nanofluids (HNF) composed of SiO, and
Al,03 (30:70 ratio) dispersed in an EG/W base fluid with a 10:90 ratio. Unlike previous research,
which focused on limited volume fractions (0.5-1 vol. %, %) and particle sizes of 30 nm and 50 nm
for SiO, and Al,Os, respectively, this study explores a broader range of volume fraction variations
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to identify optimal parameters for enhancing heat transfer performance. The innovation of this
study lies in the experimental investigation of the thermal performance of HNF in an SHX
specifically designed for solar-panel cooling applications. The SHX features a tortuous channel
configuration tailored to the surface contour and dimensions of a 20 Wp solar panel (315x450x15
mm). This customized design ensures efficient heat dissipation while maintaining compatibility
with the physical characteristics of the solar panel. Additionally, this study examined the impact of
significant variations in HNF flow rates, ranging from 1 to 3 LPM, to systematically evaluate their
influence on heat transfer performance. The primary objective of this study was to investigate the
synergistic effects of the volume fraction and flow rate on the thermohydraulic performance of
HNF in solar panel cooling systems. By addressing these factors, this study aims to fill critical
knowledge gaps, advance the understanding of HNF behavior under varying operational
conditions, and provide a practical foundation for developing more efficient and sustainable
cooling solutions for photovoltaic systems.

2. Materials and methods

2.1. Preparation of HNF coolant

Alumina was sourced from suppliers in Hebei Province, China. The alumina measured 50 nm
with a purity level of 99.99%, whereas the average size of the silica was 30 nm. The base liquid for
these HNF was a mixture of ethylene glycol (EG) and water (EG/W). The HNF was prepared using a
two-step method: the process began by mixing the EG/W 10:90 base liquid. Following the mixing
process, the base fluid was subjected to magnetic stirring (Cimarec, Thermo Fisher Scientific) for 1
h to ensure a homogeneous distribution. Upon completion of the base fluid stirring process, Al,O3
and SiO; in a 70:30 ratio were introduced into the base fluid, followed by an additional hour of
magnetic stirring. The mixture was then sonicated for 1 h using an ultrasonicator (DAIHAN
Scientific).

Parameter Value EG has the advantage of a high

Density, p (kg/m3) 1009.92 boiling point of > 195 °C [25];

Specific heat, Cp (J/kg.K) 3989 therefore, it is widely used for coolant

Viscosity, i (mPa.s) 0.97 mixtures. The specifications of the EG

Thermal conductivity, k (W/m.K) 0.556 are listed in Table 1. The NP

specifications obtained from the

Properties Al,0; Si0, Ref | analysis certificate used in this study

Size (nm) 50 30 CoA are listed in Table 2. The

Purity (%) 99.9 99.8 CoA  thermophysical properties of HNF are

pH Value 6-9 7-8 CoA important factors for improving their

SSA (m?/g) 100-160 150-300 CoA  performance, and thermophysical

Density, p (kg/m?) 4000 2200 [27]  properties, such as heat capacity and
Specific heat, Cp (J/kg.K) 773 745 [27]

mass density, were estimated based

Thermal conductivity, k (W/m.K) 36 1.4 [27] on Eq. (1) and (2), respectively [28].
Pnr = @pp + (1 —@)py (1)
p p,
Cop =1 —9) (—f> Cpy + 9(=5)Cpy (2)
pnf pnf

Viscosity was calculated using Eq. (3) [29].
tng = pp(1+ 2.5¢) (3)

TC was predicted using Eq. (4) from Hamilton-Crosser [30].
kng _ kyp+ =Dk — (= 1) (ky — kp)o
ks ky, + (n— Dk; — (ky — k)

(4)

where k is the thermal conductivity, p is the nanoparticle, nf is the nanofluid, ¢ is the volume
fraction, fis the basic fluid, and n is the shape factor. In addition to being calculated, the viscosity
and TC were measured using a TC analyzer and viscosity tester. The equipment used is illustrated
in Figure 1.
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Figure 1.

Experimental setup for
thermophysical
property
measurements:

(a) Thermal

conductivity (TC)

analyzer;
(b) Viscometer for
viscosity measurement

Figure 2.

Schematic
representation of the
solar heat exchanger
(SHX) design
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2.2. Design of Solar Heat Exchanger (SHX)

Testing on experimental test equipment for forced convection heat transfer was carried out
with variations in the percentage of NP, ¢ = 0.5-1 vol. % and EG/water (10:90) and variations in
volumetric flow rate and HNF temperature. The obtained data included the temperature in the
SHX of the solar-panel cooling system. Furthermore, the data obtained from the test, namely, the
temperature, fluid flow rate, heat transport, and fluid pressure in the SHX for PV cooling using HNF,
were analyzed. The complete design of the SHX is illustrated in Figure 2.

315

5

13

Outlet channel Inlet channel ! ! 1

Figure 2 shows the design of the SHX, which features a compact U-shaped coiled-tube
configuration. The system was made of stainless steel with dimensions of 20 mm in width, 10 mm
in height, and a wall thickness of 1.2 mm. This design enhances the heat transfer efficiency while
maintaining structural durability under varying thermal loads. The coiled layout ensures optimal
fluid flow distribution, promoting effective heat exchange. The overall dimensions included a total
width of 315 mm and length of 450 mm, with tubes precisely spaced to achieve uniform heat
absorption. This design is particularly suitable for 20 Wp solar thermal applications that require
efficient energy transfer. A similar system was used by Prasetyo et al. [4], but it differed in terms
of the total size, which was 480 x 570 mm with a hollow dimension of 30 x 30 mm, whereas the
current study had a total size of 315 x 450 mm with a hollow section size of 10 x 20 mm.

A schematic of the closed-loop setup of the experimental equipment for PV cooling is shown
in Figure 3. The closed loop consists of several main components: a solar heat exchanger (SHX),
pump, refrigerant cooler, and reservoir. A circulation pump (model RGZB8/15) was used to push
the HNF through the SHX, where the HNF became hot after absorbing heat from the heat source.
To recirculate, the HNF must be cold when entering the SHX. The condensation process uses a
refrigerant cooler with a coil-shaped refrigerant pipe wrapped around the cooler reservoir. The hot
HNF was cooled in the reservoir and was ready to be recirculated to the same process through the
system. A rectangular SHX with dimensions of 350 mm x 450 mm was fabricated using hollow
stainless steel, and a detailed image of the channel is shown in Figure 3. Each channel was spaced
20 mm apart and had a height of 10 mm. A 650 W cartridge heater was positioned on the bottom
plate directly below the SHX to simulate the heat generated by the solar panels. The temperature
of the system was measured using a K-type thermocouple. One thermocouple was used to control
the heat generated by the cartridge heater, and the other three thermocouples were used to
measure the bottom surface temperature (Twall) of the SHX. The temperature data in the
experiment were determined by calculating the average values of the three thermocouples at dif-
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Figure 3.

Experimental setup for
performance testing of
the solar heat
exchanger (SHX)
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b ‘ Control panel

ferent positions. The SHX was placed
—Vomr N in an insulated box to ensure

el maximum heat absorption. The
Datalogger = N\ 4 3 ‘ ! temperature of the fluid passing
f through the SHX was measured using
two temperature sensors. Flow
meters and pressure transducers
were installed to measure the
pressure drop in the SHX and the flow
Heat simulator rate. All the data from the
experimental tests were recorded
using a data logger.

2.3. Heat Transfer
Reduction Data

Solar heat exchanger (SHX)

4 Regulator
valve

Mini
The law of conservation of
energy for the fluid flow in a fixed

Gear pump channel is expressed by Eq. (5), where
Tiand T, inlet and outlet temperatures of the SHX, respectively; Q is the heat transfer rate; and m
and Cp are the mass flow rate and heat capacity, respectively. SHX undergoes forced convection
heat transfer (h); therefore, Eq. (8) was used to obtain the convection coefficient. The heat
transport efficiency is influenced by the coolant entry and exit temperatures, as well as the SHX
base temperature. Consequently, the log mean temperature difference (ATimw) technique is an
appropriate method for evaluating the thermal performance of heat exchanger. In this study, ATimta

was determined using Eq. (6), which considers the base temperature of the SHX.

Q =mCp (T;_T,) )
(Tb - Ti.hnf) - (Tb - o.hnf)

ATy =

fmed In (Ty — Tinny) (6)
(Tb - To.hnf)

D, = 4A/p (7)
_ Q

" AT, ®)

where As is the cross-sectional area of the rectangular pipe, p is its circumference, h is the heat

transfer coefficient, and Tyis the bulk temperature (T» = (Ti— To) / 2). For a pipe with a rectangular

hollow section, Dh can be expressed as follows (Eq. (7)): the heat removal efficiency of the coolant

is hindered by the thermal resistance. Eq. (9) can be used to determine the resistance encountered
by the HNF fluid during the flow.

R = 1 ATynea

th =7, =

hAs thf

The thermal effectiveness of SHX, based on the higher wall temperature (Tw.max), was

estimated using Eq. (10).

)

(Tw.max - Tin ) hnf

Nen =1— (10)
th (Tw.max - Tin)bf
The pumping power caused by the pressure drop was estimated using Eq. (11):
B, =QA4P (11)

2.4. Uncertainty Analysis

The TC in this study was tested experimentally, and its value affected the Nusselt and
Reynolds numbers. The uncertainty of the Nusselt number was analyzed using Eq. (12) [31] and
the Reynolds number was analized using Eq. (13) [32].
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e GRS RCI
w2(Re) = (%e)z w2(p) + (%)2 w2 (v) + (%‘i)z w2(Dy) + (‘%6)2 w2 () (13)

3. Results and Discussion

3.1. Termophsycal Properties

The thermophysical properties, such as density, calculated using Eqg. (1), were in the range of
+1022-1034 kg/m?3, whereas the heat capacity obtained using Eq. (2) was within +£3881-3994 J/kg.
K. The viscosity, determined using Eq. (3), and TC derived from Eq. (4)are listed in Table 3. TC and
viscosity measurements were performed using the test equipment shown in Figure 1. The results
were compared for further analysis. The difference between the two results was not significant
after the uncertainty analysis was performed using Eq. (12) and Eq. (13). Viscosity uncertainty
analysis using Eq. (12) yielded a value of 0.26%. The TC uncertainty analysis using Eq. (13) yielded
a 1.7%. These properties are essential for evaluating the heat-transfer performance of the HNF and
serve as fundamental parameters in the heat-transfer analysis performed in this study.

The thermophysical properties calculated in this study provide a robust foundation for
assessing the heat-transfer performance of HNF in SHX experiments. The interplay between these
properties, particularly TC and viscosity, plays a critical role in determining the efficiency of heat
transfer enhancement. A comprehensive comparison of these properties with literature values and
experimental findings is summarized in Table 3.

Thermal properties 0.5 vol.% 0.75 vol.% 1 vol.%
Density, p (kg/m3) 1022.1 1028.3 1034.4
Specific heat, Cp (J/kg.K) 3934.5 3907.8 3881.4
Viscosity, u (kg/m.s) 0.000982 0.000988 0.000994
Thermal conductivity, k (W/mK) 0.618 0.6210 0.6235

Several previous investigations have reported similar trends in the thermophysical properties
of nanofluids, particularly in HNF formulations. Khalid et al. [33] observed that the addition of Al,03
and SiO, nanoparticles to water-based nanofluids significantly enhanced the TC while slightly
increasing the viscosity, which is consistent with the results of this study. Similarly, Moldoveanu et
al. [34] demonstrated that the TC of HNF exhibits a linear increase with volume fraction, influenced
by Brownian motion and NP clustering effects.

3.2. Heat transfer in SHX

The thermal performance of the HNF depended on the convective heat coefficient, which was
reflected by the values of the flow rate and volume fraction of the NP against the coefficient (h),
as shown in Figure 4. The improved cooling efficiency and innovative SHX design make this study
highly relevant to advanced solar panel cooling systems, particularly those that use HNF coolants.

The heat transfer coefficient was calculated using Eq. (8) based on the average heat transfer
rate and mean log temperature difference. Figure 4 emphasizes that there is an increase in the
coefficient at a flow rate of 1-3 LPM with an increase in the volume fraction of NP from 0.5 to 1
vol.%, as illustrated in Figure 5. The rise in the Nusselt number is evident from calculations involving
the coefficient, hydraulic diameter, and thermal conductivity (TC) of the hybrid nanofluid (HNF).
The increase in nanoparticle (NP) volume fraction within the base fluid, along with Brownian
motion, plays a significant role in enhancing the TC, which together contribute to the superior
thermal performance of the HNF compared to the base fluid [35], [36]. Furthermore, an increase
in flow rate leads to improved convective heat transfer in the cooler, resulting in the greatest
reduction in the SHX base temperature. At the highest volume fraction tested, the HNF achieved a
maximum increase of about 53%, surpassing the convective heat transfer coefficient of the base
fluid. The enhanced thermal properties of the HNF relative to the base fluid are key to its improved
convective performance. Heat transfer within fluid systems is influenced by multiple factors,
notably the fluid flow rate and the NP concentration in the HNF. To analyze these effects,
experiments were conducted by varying the HNF flow rate across different volume fractions (¢).
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Figure 4.

Variation of heat
transfer coefficient (h)
with different
nanofluid
concentrations

Figure 5.

Effect of flow rate on
the Nusselt number at
varying nanofluid
concentrations

Figure 6.

Effect of flow rate on
heat transfer rate for
different nanofluid
concentrations

Figure 7.

Effect of flow rate on
thermal resistance at
various nanofluid
concentrations
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Figure 6 shows the relationship
between the fluid flow rate and heat
transfer rate for HNF with volume fractions
of 0.5, 0.75, and 1 vol. %, as well as for the
base fluid. From the graph, increasing the
flow rate increased the heat transfer rate
for all samples. In addition, nanofluids with
higher NP concentrations showed a more
significant increase in the heat transfer rate
than the base fluid, indicating the role of
NP in improving heat transfer efficiency.
The experimental results, shown in Figure 6,
in the flow rate range of 1-3 LPM indicate
that the HNF, with increasing volume
fraction and flow rate, has a significant
effect that ultimately reduces the
temperature of the SHX base section. An
increase in the heat transfer rate was
observed at flow rates of 1-3 LPM, with a
maximum increase of 56.07% when using
HNF compared with the base fluid. Thisisin
line with the report by Al-waeli et al. [15]
which reported that utilizing 3 wt.% SiC
reduced PV temperature by 16 °C and
increased efficiency by 24.12%. As shown
in Figure 6, the HNF demonstrated superior
heat absorption compared to the base
fluid, and an increase in the volume
fraction further amplified this effect.

3.3. Thermal Resistance

Increasing the volume fraction results
in an increase in the convective coefficient
and thermal dispersion, which are the main
factors that reduce convective thermal
resistance. The variation in the thermal
resistance in this study is illustrated in
Figure 7.

Figure 7 shows the differences in
thermal resistance at concentrations of
0.5-1 vol. % and flow rates of 1-3 LPM.
Higher flow rates represent lower thermal
resistance; in other words, low resistance
increases the convective coefficient and
heat transfer rate. The increase in the
number of NP also showed a downward
trend, which reduced the thermal
resistance. This emphasizes that the flow
rate and volume fraction of the NP affect
the performance of the HNF.

The observed trend of decreasing
thermal resistance with increasing flow
rate and volume fraction was consistent
with the results of previous studies. For
instance, Sohel et al. [31] reported that
nanofluids containing Al,0s; exhibited

15.72% lower thermal resistance than conventional fluids. Similarly, Alnaqi [37] demonstrated that
the addition of NP to the base fluid reduced the thermal resistance of the cooling system and
improved the temperature uniformity at the surface, corroborating these results. However, the
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Figure 8.

Influence of flow rate
on the effectiveness of
the SHX system at
various nanofluid
concentrations

Figure 9.

Influence of flow rate
on the pressure drop in
the SHX system at
various nanofluid
concentrations
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present study revealed a more pronounced reduction in thermal resistance, particularly at 1 vol.
%, suggesting that the synergistic interaction between NP in the hybrid formulation further
enhances the heat transfer efficiency. This discrepancy can be attributed to the differences in the
NP dispersion and base fluid composition. These findings underscore the importance of optimizing
the NP concentration and flow rate to achieve maximum thermal performance in HNF applications.

3.4. Thermal Effectiveness

Thermal effectiveness is important for understanding and evaluating the overall performance
of HNF. The evaluation results can aid in the selection of the most effective parameters. Figure 8
shows the thermal effectiveness of the HNF in the SHX with variations in the flow rate and NP
amount. From the figure, it can be interpreted that a higher volume fraction indicates a higher
thermal efficiency. At a flow rate of 1-3 LPM and a volume fraction of 0.5-1 vol. %, the
effectiveness of HNF performance varies from 87 to 117%. The effectiveness of the HNF was
calculated using Eq. (10), where the effectiveness value was based on the base temperature and
fluid.

The thermal effectiveness of a cooling system is important for understanding its overall
cooling performance. This aids in selecting the most effective system operating conditions [31].
The heat transfer benefits of Al,03 nanofluids with 20:80 EG/W base fluid for all effective particle
concentrations under laminar and turbulent flow conditions compared to 40:60 EG/W and 60:40

EG/W nanofluids for all particle
0=1% concentrations [18]. The effectiveness is
9=075% not always linear with the volume
concentration [31]. Similarly, Ahmed et al.
[38] reported that using TiO,-water
nanofluids with a concentration of 0.2%
can increase the effectiveness of car
radiators by 47% compared to
concentrations of 0.1 and 0.3% and pure
water. However, in the current study, it
e was observed that the higher the
concentration, the higher the

. . . effectiveness. This may be due to the
0 ] 20 = o better performance of the HNF compared
Haw rite (EM) to that of the MNF and base fluids.

1.20

115

1.10 +

—_
=
%}
T

1.00 ¢

Thermal effectivity, ,,

= =
D K=}
= w
T T

=
=)
%3]

3.5. Pressure Drop and Pumping Power

The pressure drop (4AP) is an important parameter in the experiment because it affects the
pumping power. During the pressure drop process, experiments were conducted at flow rates of
1, 2, and 3 LPM and different volume fractions. The pressure drops under both conditions are
shown in Figure 9.

Figure 9 shows the pressure difference at volume fractions of 0.5-1 vol. % at 30 °C. In each
volume fraction, AP is observed to increase at each flow rate; in other words, when each flow rate
is increased, AP also increases. When the

012F W =05% coolant passes through the SHX channel
0=0.75"% with small channel dimensions at both
010k ‘le%_ . ends, a pressure drop occurs, which
;E V¥ Basefhuids i requires a greater pumping power. The
= 008k v increase in pumping power was calculated
_5 o using Eqg. (11), which shows the variation in
¥ the values with an increase in the flow rate
5 oger and volume fraction of the gas. The much
E o v higher density of nanofluids is the main
0L e

factor for increasing the pumping power
. compared with pure water. This finding
0L v indicates that higher flow rates improve the
L L L thermal performance, although they result
1.0 1.5 2.0 25 3.0 . . . X

in a slight increase in the pressure drop

Flow rate (LPM)

across the heat exchanger.

Mechanical Engineering for Society and Industry, Vol.5 No.1 (2025) 140



Amri Abdulah et al.

The observed increasing trend of the pressure drop (AP) at higher flow rates and volume
fractions was consistent with the findings of previous studies. Alnaqi [37] reported that an increase
in the inlet velocity from 0.01 to 0.05 m/s enhanced the pumping power by 12.62 and 14.53 times,
respectively. The current study showed comparable increases in AP, particularly at 1 V. %,
indicating that the trade-off between thermal performance and pressure drop remains
manageable. However, the hybrid nanofluid system (Al,03—SiO;) in this study showed a more
gradual increase in the pressure drop than the single-component nanofluids. This is in line with the
findings of Zawawi et al. [27], who emphasized that proper nanoparticle selection and stabilization
techniques can mitigate excessive increases in viscosity. These results highlight the importance of
balancing heat transfer enhancement with pumping power considerations, ensuring that hybrid
nanofluids remain a viable alternative for SHX applications without significantly increasing
operational costs.

4.Conclusion

In this study, the performance of a 20 Wp solar heat exchanger designed in a circular shape
was tested using a Hybrid Nanofluid (HNF) Al,03+Si0O+EG/W (10:90) cooling fluid. The solar heat
exchanger was experimentally tested at three flow rates: 1-3 LPM. Several important conclusions
were drawn from this study. The HNF, as a solar heat exchanger coolant, experienced an increase
in performance, with the highest heat transfer rate indicator of 56.07% compared with the base
fluid. This increase in the heat transfer rate is consistent with the increase in the heat transfer
coefficient, where the flow rate and volume fraction affect the increase in the HNF performance.
The higher the flow rate, the higher the heat transfer rate, as well as the addition of nanoparticles,
which also increases the heat transfer rate in SHX. The effectiveness of the HNF compared to that
of the base fluid increased by £117%, even though there was a slight increase in the pump power.
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