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Abstract: Harnessing solar energy represents a fundamental pillar of the global transition toward sustainable en‑
ergy systems due to its abundance, renewability, and broad accessibility. Photovoltaic (PV) technology, in par‑
ticular, has emerged as the most extensively deployed solution across residential, commercial, and utility‑scale
applications. However, the relatively low energy conversion efϐiciency of PV modules remains a critical challenge,
with elevated operating temperatures being one of the primary factors contributing to performance degradation.
Excessive heat not only reduces instantaneous electrical output but also accelerates material aging, thereby short‑
ening the service life of PV systems. Consequently, the development of efϐicient cooling strategies has attracted
considerable research attention. In this study, an advanced passive thermal regulation approach based on three‑
dimensional pulsating heat pipes (PHPs) was experimentally investigated. Two different inner diameters (2 mm
and 3 mm) were designed, and their performance was evaluated using deionized water and graphene oxide (GO)
nanofluid as working fluids. The results demonstrate that PHP integration can effectively reduce PV module sur‑
face temperatures, leading to notable improvements in electrical efϐiciency. Themost signiϐicant enhancement was
observed with GO nanofluid at a concentration of 0.8 g/L in 2 mm inner diameter PHPs, achieving up to a 3.2%
increase in daily power generation compared with the baseline. Conversely, increasing the pipe diameter reduced
the cooling effectiveness, underscoring the importance of geometric optimization and working‑fluid selection in
the design of PHP‑assisted PV cooling systems.
Keywords: Solar Panel; Pulsating Heat Pipe; Nanofluid; Energy Efϐiciency; Thermal Management

1. Introduction
Renewable energy, especially solar energy, has drawnmuch attention in terms of power generation since there

is a dire need to reduce greenhouse gases such as carbon dioxide [1]. Solar energy is the most integrated source of
renewable energy. On the other hand, electricity is an inseparable energy need in all countries. Photovoltaic panels
(PV panels), commonly referred to as solar panels, are devices used to transform energy from sunlight into elec‑
tricity. PV panels have become increasingly popular as a renewable energy source due to their ability to generate
electricity without producing greenhouse gas emissions or other pollutants [2]. They are used in a variety of appli‑
cations, from residential installations to solar farms. As technology advances and costs decrease, solar panels are
becoming more efϐicient and affordable, making solar irradiation a valuable choice for addressing climate change
and reducing dependence on fossil fuels [3].

PV efϐiciency is typically deϐined as the portion of sunlight that is converted into electrical energy. The efϐi‑
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ciency of solar panels depends on various factors, including material, design (cell size, arrangement, and wiring
conϐiguration), and environmental factors (temperature, light spectrum, shading, dirt, and dust) [4]. Solar panel
efϐiciency tends to decrease as temperature increases. High temperatures can reduce the efϐiciency of solar cells,
so panel placement and cooling mechanisms can influence overall efϐiciency [5]. Over the years, there have been
signiϐicant advancements in photovoltaic technology, leading to improvements in efϐiciency. Early solar panels
had efϐiciencies of around 10–15%, while modern commercial panels typically range from 15–22% efϐiciency [6].
Development efforts continue to focus on enhancing efϐiciency and reducing costs to make solar energy even more
competitive with conventional energy sources. Major cooling techniques used to reduce the operating temperature
of solar panels to enhance their efϐiciency and prolong their lifespan are listed in Figure 1.

Figure 1. Cooling approaches of solar panels [7–12].

The selection of an appropriate cooling strategy for photovoltaic (PV) systems is influenced by several factors,
including climatic conditions, system architecture, economic constraints, and the speciϐic operational requirements
of the solar installation. Effective thermal management plays a critical role in enhancing the electrical output and
extending the service life of PV panels, thereby improving the overall system efϐiciency and economic viability. How‑
ever, conventional cooling approaches—such as air and water cooling—are often limited by inherent drawbacks,
including low thermal efϐiciency and susceptibility to freezing in cold environments. Heat pipes are considered
a great solution to address these problems, signiϐicantly contributing to improved photovoltaic efϐiciency. There
is a wide range of heat pipes (thermosyphons, loop heat pipes, rotating heat pipes, cryogenic heat pipes, variable
conductance heat pipes (VCHPs), and pulsating heat pipes), which offer high performance in terms of heat transfer.
Heat pipes are highly advantageous due to their low weight, cost‑efϐiciency, reliability, and easy‑to‑manufacture
structure [13]. The efϐiciency of pulsating heat pipes, also known as oscillating heat pipes, is a critical aspect of
their performance and determines their suitability for various thermal management applications. The efϐiciency of
a PHP can be evaluated based on several key performance metrics, including thermal resistance and heat transfer
coefϐicient. Major factors influencing PHP efϐiciency are the heat source [14], ϐilling ratio, number of twists [15], the
inner diameter of the tubes [16], inclination angle [17], and the length of tubes [18], for example.

The emergence of the pulsating heat pipe (PHP) in the early 1990s [19] as one of the most efϐicient, innova‑
tive pieces of equipment has drawnmuch attention, thanks to its impressive performance in terms of heat transfer
and unique design.Since PHPs are a type of heat pipe that relies on the oscillatory motion of the coolant within a
capillary tube to transfer heat, the diameter of the tubes in a PHP signiϐicantly influences its thermal performance
and thermal resistance. Too small or too large diameters can increase thermal resistance due to ineffective fluid
motion or inadequate capillary action. On the other hand, a proper diameter promotes efϐicient capillary action
and oscillatory fluid motion, decreasing thermal resistance. Lin et al. [20] experimented on heat pipes with two
different diameters, namely 4 and 3 mm, and found that the larger diameter offered better performance. Rittidech
et al. [21] inspected the thermal efϐiciency of a solar collector in conjunction with PHP and considered R134a as
a working fluid. According to the study, the system successfully addressed the freezing problem and provided an
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efϐiciency greater than 60%. Kargarsharifabad et al. [22] performed a study on the effect of geometric design and
operating conditions on the performance of a PHP attached to a PVT. The system experienced maximum efϐiciency
around 61% when the ϐilling ratio was over 56%. In a comprehensive experimental study, Patel et al. [23] inves‑
tigated the performance of eleven different working fluids in a pulsating heat pipe (PHP) integrated with a solar
water heating system. The tested fluids included pure substances such as deionized (DI) water, acetone, methanol,
and ethanol, along with binary mixtures formed by combining water with each of these pure fluids. Among the
pure fluids, acetone exhibited the highest thermal performance, while the water–acetone mixture emerged as the
most effective binary fluid. In another study, Roslan and Hassim [24] applied PHP technology for thermal man‑
agement of photovoltaic panels, achieving a peak electrical efϐiciency slightly exceeding 19%. The introduction of
nanofluids—engineered colloidal suspensions composed of nanoparticles dispersed in a base fluid—has further ex‑
panded the potential of thermal control systems by enhancing heat transfer characteristics [25]. Evidence indicates
that adding nanoparticles signiϐicantly improves the thermal conductivity of the coolant, leading to more efϐicient
heat transfer [26]. Shaϐiey et al. [27] investigated the efϐiciency of a heat pipe solar panel applying Al2O3, MgO,
and CuO nanofluids. They found that the nanofluids improved the panel efϐiciency by more than 9% compared to
water. Allouhi et al. [28] conducted numerical investigations on cooling solar collectors with HP for three different
nanofluids (CuO, Al2O3, and TiO2) and found that the system with CuO‑based nanofluid could improve the system
efϐiciency by around 11.1%.

Graphene oxide (GO)‑based nanofluids have emerged as promising candidates for enhancing the thermal per‑
formance of heat pipes due to their superior thermal conductivity and efϐicient heat transfer characteristics [29].
Their favorable dispersion stability within base fluids plays a critical role in ensuring consistent and reliable ther‑
mal behavior during operation [30]. Although both two‑dimensional and three‑dimensional pulsating heat pipes
(PHPs) are effective for thermal regulation, 3D PHPs offer distinct advantages in high‑power and multi‑directional
thermal applications owing to their improved heat transfer capacity and complex internal flow dynamics [31,32].
In a study conducted by Thompson et al. [33], three‑dimensional flat‑plate oscillating heat pipes (3D FP‑OHPs)
charged with either water or acetone were tested, with water achieving the lowest thermal resistance of 0.08 °C/W.
Similarly, Ling et al. [34] demonstrated that integrating a phase change material (PCM) with a 3D PHP cooling sys‑
tem in electronic devices resulted in up to a 36.3% reduction in thermal resistance, effectively enhancing heat dis‑
sipation to the surrounding environment. Qu et al. [35] conducted an experimental investigation into the thermal
improvement of a composite phase change material (PCM) made of expanded graphite and octadecanol using 3D‑
PHP. Their ϐindings revealed that the 3D‑OHP reduced the charging time by 32% compared to traditional heat pipes.
Pagliarini et al. [36] observed that a 3D‑conϐiguration pulsating heat pipe (PHP) maintained gravity‑independent
performance even under high heat loads.

Jung et al. [37] conducted a comparative analysis between a three‑dimensional pulsating heat pipe (3D‑PHP)
and a conventional PHP, revealing that the 3D conϐiguration exhibited enhanced heat transfer performance. This
improvement was attributed to the presence of additional flow pathways, which led to a reduction in thermal resis‑
tance by up to 14.7% and a decrease in evaporator temperature by 6.7 °C under uniform heating conditions. In a
separate study, Dia et al. [38] developed an innovative 3D‑PHP design and systematically evaluated the influence
of geometric parameters and operating conditions on its thermal performance. Their ϐindings highlighted that a
more uniform distribution of vapor‑liquid plugs signiϐicantly contributes to the efϐicient operation of the PHP, em‑
phasizing the importance of flow stability in maximizing heat transfer effectiveness.

Despite these advancements, two critical gaps remain in the current literature:
Scarcity of studies on three‑dimensional pulsating heat pipes (3D‑PHPs), which offer superior heat transfer

capability and multi‑directional heat management suitable for high‑power applications. While some numerical
and experimental studies on 3D‑PHPs exist, most do not focus on PV integration.

Lack of experimental data on the effect of inner diameter of the heat pipe in 3D conϐigurations, particularly
considering the influence of dimensionless parameters like the Eötvös number, which governs capillary and gravi‑
tational forces in multiphase flow.

To address these gaps, this study introduces a novel 3D‑PHP cooling system integrated with a PV panel, us‑
ing deionized (DI) water and graphene oxide nanofluid as working fluids. The primary aim is to experimentally
investigate the impact of inner diameter on thermal and electrical efϐiciency of the PV system. The study is unique
in evaluating the combined effect of geometry, nanofluid enhancement, and passive operation, thereby offering a
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self‑sustaining and cost‑effective solution for solar panel cooling.
By tackling a speciϐic and previously underexplored parameter—the inner diameter of 3D‑PHPs in solar

applications—this research not only ϐills a signiϐicant knowledge gap but also proposes a practical and energy‑
efϐicient cooling strategy for real‑world PV systems.

2. Setup Procedure
2.1. Experiment Setup

The experimental study was conducted in Mashhad, Iran, utilizing two monocrystalline photovoltaic (PV)
panels—one equipped with a cooling system and the other serving as a reference unit without cooling. The electri‑
cal characteristics of the PV modules are presented in Figure 2.

Figure 2. Electrical characteristics of the photovoltaic module.

Figure 3 depicts the new 3D‑PHP made with copper. Table 1 demonstrates the geometric parameters of the
3D‑PHP. In this study, two PHPs with different diameters and a thickness of 1 mmwere also used.

Figure 3. Structural layout of the PHP.
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Table 1. Design parameters of PHP.

Parameters Value

Number of turns 4
Evaporator 200 cm
Condenser 200 cm
Adiabatic 109 cm
Inner diameter 3.2
Outer diameter 5.4

It has been proven that PHP delivers optimum performance at a 50% ϐilling ratio [39,40]; therefore, all the
tests were conducted at 50%. The experimental setup is shown in Figure 4, while a schematic of the experiment is
depicted in Figure 5.

Figure 4. Experiment bed [2].

Figure 5. Schematic diagram of the experiment [2].

Although numerous studies have employed lamination techniques to secure the evaporator onto solar panels
[41], this investigation utilized a copper sheet afϐixed to the panel surface with thermal paste, thereby reducing
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operational costs and streamlining the assembly process. The cooling medium consisted of a graphene oxide (GO)
nanofluid prepared at a concentration of 0.8 g/L, using distilled water as the base fluid. The GO nanoparticles were
sourced from US Research Nanomaterials, Inc. Nanofluids are known to improve the thermal conductivity of base
fluids; however, maintaining their dispersion stability is critical for sustained performance [42]. To enhance sta‑
bility, the surfactant sodium dodecyl sulfate was incorporated into the nanofluid formulation. A scanning electron
microscopy (SEM) image of the GO nanoparticles is presented in Figure 6.

Figure 6. SEM of GO [2].

Figure 7 presents the Raman spectroscopy results of graphene oxide (GO), highlighting its distinctive charac‑
teristic peaks, notably near 1,400 cm−1 for the D band and 1,600 cm−1 for the G band of graphene oxide.

Figure 7. Raman spectroscopy analysis of GO.
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Table 2 summarizes the measured thermal conductivity values of both the GO nanofluid and deionized (DI)
water employed in this study.

Table 2. Thermal conductivity of coolant.

Coolant Thermal Conductivity (W/K.m)

DI water 0.614
0.8 gr/lit 0.656

Future studies should incorporate a more diverse range of testing conditions to assess the system’s adaptabil‑
ity. This includes varying the panel inclination angle, testing under different solar radiation proϐiles (seasonal vari‑
ation), and evaluating multiple nanofluid concentrations to establish optimal formulations. Additionally, real‑time
energy consumption analysis and long‑term durability testing are essential for practical deployment.

2.2. Data Processing
This section illustrates the analyses of heat transfer and energy conversion for the proposed system. The solar

irradiation absorbed by the PV panel is expressed as Equation (1) [43]:

𝑄𝑎 = 𝛼𝑃𝑉𝛽𝑃𝑉𝐴𝐺 (1)
A portion of the absorbed energy is converted into electricity, which can be determined by using Equation (2):

𝑄𝑒𝑙 = 𝜂𝑒𝑙𝐴𝐺 (2)
And 𝜂𝑒𝑙 represents the electrical efϐiciency, which is derived from Equation (3) [43].

𝜂𝑒𝑙 = 𝜂𝑟𝑐 [1 − 𝛽𝑃𝑉 (𝑡𝑃𝑉 − 𝑡𝑟𝑐)] (3)
Where 𝑡𝑟𝑐 is reference temperature (25 °C). Heat loss from the panels to the surroundings is calculated using

Equation (4) [43]:

𝑄𝑙𝑜𝑠𝑠 = (𝑡𝑃𝑉 − 𝑡𝑟𝑐) 0.664
𝛾𝑎𝑖𝑟
𝐿𝑃𝑉

Re𝑎𝑖𝑟1/2𝑃𝑟𝑎𝑖𝑟1/3 (4)

In this study, 𝑄𝑙𝑜𝑠𝑠 is considered negligible because the copper sheet on the back of the solar panel enhances
heat exchange and functions as the evaporator for the PHP, thereby reducing heat loss. As a result, the remaining
energy is transferred to the PHP (Equation (5)).

𝑄𝑃𝐻𝑃 = 𝑄𝑎 − 𝑄𝑒𝑙 (5)
For temperature measurement, eight K‑type thermocouples were strategically positioned, with four sensors

installed in the condenser section and another four in the evaporator section. The recorded temperature data were
then processed using the following Equations (6) and (7):

𝑇𝑒 =
𝑇𝑒1 + 𝑇𝑒2 + 𝑇𝑒3 + 𝑇𝑒4

4 (6)

𝑇𝑐 =
𝑇𝑐1 + 𝑇𝑐2 + 𝑇𝑐3 + 𝑇𝑐4

4 (7)

The thermal resistance is given as Equation (8) [43]:

𝑅 = Δ𝑇
𝑄𝑃𝐻𝑃

(8)

And Δ𝑇 is calculated using Equation (9):

Δ𝑇 = 𝑇𝑒 − 𝑇𝑐 (9)
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Therefore, the electrical efϐiciency of the solar panel—representing the fraction of incident solar radiation
converted into electrical power—is determined using Equation (10) [44].

𝜂𝑒𝑙 =
𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

=
𝑉𝑚𝑝𝐼𝑚𝑝
𝐴𝐺 (10)

The efϐiciency enhancement achieved by the proposed system is quantiϐied using Equation (11):

𝜂𝑖𝑚 = 𝜂𝑃𝐻𝑃−𝑃𝑉
𝜂𝑃𝑉

− 1 (11)

The Eötvös number (also known as the Bond number, Bo) is a dimensionless number that characterizes the
relative importance of gravitational forces compared to surface tension forces acting on a fluid. It is particularly rel‑
evant in the context of heat pipes and nanofluids, as it helps in understanding the fluid behavior under the influence
of gravity and surface tension. For a graphene oxide nanofluid in a heat pipe, the Eötvös number can provide in‑
sights into the performance and effectiveness of the nanofluid in terms of heat transfer and fluid dynamics. It is
deϐined as Equation (12):

𝐸𝑂 = Δ𝜌𝑔𝐷2
𝑖

𝜎 (12)
Adding graphene oxide nanoparticles to DI water produces a negligible impact on its surface tension [45].

Nanoparticles can influence surface tension and decreases with increasing temperature. For graphene oxide
nanofluids with a 0.8 g/L concentration, the surface tension varies between 0.0759 N/m at 20 °C and 0.0706 N/m
at 60 °C.

The density of the nanofluid can be approximated using the weighted average of the densities of the base fluid
and the nanoparticles Equation (13):

𝜌𝑛𝑓 = (1 − 𝜙)𝜌𝑤𝑎𝑡𝑒𝑟 + 𝜙𝜌𝐺𝑂 (13)
The value for GO nonfluid varies from 998.6 kg/m³ at 20°C to 983.6 kg/m³ at 60°C. Density difference is also

derived from Equation (14):

Δ𝜌 = 𝜌𝑛𝑓 − 𝜌𝑣 (14)
Given that graphene oxide nanoparticles remain in the liquid phase, the presence of graphene oxide at 0.8 gr/lit

concentration does not affect the vapor density of water (𝜌𝑣). Therefore, the vapor phase density can be assumed
to be the same as that of pure water vapor. Vapor phase density of water at 60 °C and 20 °C is approximately 1.663
kg/m³ and 0.0173 kg/m³, respectively. Adding surfactant sodium dodecyl sulfate, which lowers the surface tension,
signiϐicantly contributes to optimizing the Eötvös number, bringing it into the optimal range (1 to 5) for pulsating
heat pipes [46], which suggests improved conditions for the oscillatory motion of the working fluid, leading to
potentially better performance of the heat pipe. The value for GO when 𝐷𝑖 = 2 mm is 𝐸𝑂 ≈ 1.14 and 𝐸𝑂 ≈ 1.31, for
20 °C and 60 °C, respectively. While in the absence of sodium dodecyl sulfate, the Eötvös number for temperatures
ranging from 20 °C to 60 °C is less than 1.

2.3. Uncertainties
Ensuring the accuracy of experimental data is critical in this study. Consequently, an uncertainty analysis was

performed to assess the reliability of the measured results. The uncertainties were evaluated considering both
direct measurements and derived calculations, following the methodology outlined in thw work of Santbergen et
al. [47]. Measurement instrument errors and data acquisition inaccuracies were quantiϐied and are summarized in
Table 3.

Table 3. Uncertainty of values.

Value Uncertainty

𝑇𝑎 (°C) ± 0.1
𝑇𝑐 (°C) ± 0.1
𝑇𝑒 (°C) ± 0.1
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Table 3. Cont.

Value Uncertainty

𝑇𝑠 (°C) ± 0.1
𝐺 (W/m2) ± 1.0
𝑆𝑤 (m/s) ± 0.1
𝑉𝑂𝐶 (V) ± 0.04
𝐼𝑠𝑐 (A) ± 0.0014

3. Results and Discussion
The temperature, power, and efϐiciency of the solar panels have been calculated. A series of tests was con‑

ducted on days when the sky was clear. The tests were performed under the climatic conditions of Mashhad, Iran.
Furthermore, two panels were used: one equipped with a 3D‑PHP and the other serving as a reference collector.

3.1. Initial Conditions
As shown in Figure 8, the ambient temperature, and consequently the solar collector temperature, increases

until it peaks atmid‑day. Afterward, both temperatures decrease. Similarly, solar intensity exhibits a similar pattern,
reaching over 1120W/m² at 11:30, while the minimum value recorded is 750 W/m² (Figure 9).

Figure 8. The variations in ambient temperature alongside the solar panel temperature.

Figure 9. Solar irradiance and wind speed.
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Wind speed is a signiϐicant factor impacting both the efϐiciency of the solar panel and the performance of the
pulsating heat pipe (PHP). As shown in Figure 9, the averagewind speed gradually increases throughout the testing
period, exceeding 9 km/h by the conclusion of the experiment. The electrical efϐiciency of the PV panel is primar‑
ily governed by solar irradiance and panel temperature [48]. Generally, higher solar irradiance corresponds to
improved efϐiciency; however, the short‑circuit current (Isc) and open‑circuit voltage (VOC) respond inversely to
changes in panel temperature, as depicted in Figure 10.

Figure 10. Isc and VOC behavior during the test.

3.2. System Performance
Solar panels are responsible for capturing sunlight and converting it into electricity. The larger the area covered

by solar panels, the greater the chance of capturing the sun’s energy. One parameter that strongly influences the
efϐiciency of a solar panel is its angle of tilt relative to the horizon, which affects the amount of solar radiation
received. Therefore, panels need to be tilted at the optimal angle to achieve maximum efϐiciency [49].

In this study, the systemwas tested at a 30° tilt angle, which is considered the optimal angle for solar collectors
in Mashhad according to Kargaran et al. [50]. Figure 11 demonstrates the start‑up time for different coolants and
tube diameters during the test day. It was found that the diameter signiϐicantly affects the start‑up time of the PHP.
When𝐷𝑖= 3mm, the heat pipe starts to operate after 80 to 100minutes with GO and DI water as coolants, while the
start‑up time decreases considerably when 𝐷𝑖= 2 mm.

The start‑up behavior of the pulsating heat pipe was strongly influenced by both the inner diameter and the
type of coolant used. Figure 11 illustrates the evolution of surface temperatures for the PV panel and the PHP
during the initial heating phase.

The PHPs with a 2 mm inner diameter demonstrated faster thermal activation compared to those with a 3
mm diameter. Speciϐically, using deionized water or graphene oxide (GO) nanofluid, the 2 mm systems initiated
pulsating activity between 55.6 °C and 56.9 °C, which corresponded to PV surface temperatures of ∼ 60.5–61.5 °C.
In contrast, the 3mmdiameter PHPs required longer heating durations, with start‑up occurring only after the panel
reached higher temperatures, typically above 57.5 °C, translating to 80–100 minutes under full solar load.

This difference is attributed to the increased capillary action and vapor pressure gradient within narrower
tubes. According to PHP theory, a reduced diameter enhances the interaction between vapor plugs and liquid slugs,
promoting more vigorous oscillations at lower wall superheats. This effect is particularly critical in horizontal or
low‑inclination orientations, where gravity‑driven return flow is minimized.

Furthermore, the inclusion of graphene oxide nanofluid improved start‑up conditions across both diameters.
For 2 mm PHPs, the GO coolant consistently yielded surface temperatures 1.5–2.5 °C lower than water, suggesting
more efϐicient early‑phase heat transfer. The improvement is likely due to the enhanced thermal conductivity and
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reduced surface tension of GO nanofluids, which contribute to better nucleation and more stable oscillations.
These ϐindings are alignedwith earlier studies [4,5] and emphasize the importance of geometric‑fluidmatching

in optimizing PHP start‑up dynamics for solar thermal regulation.

Figure 11. Effect of coolant and diameter on start‑up time.

As illustrated in Figure 12, the thermal resistance of the 3D pulsating heat pipe (3D‑PHP) is highly dependent
on both the working fluid and the internal diameter of the pipe. In all tested conϐigurations, thermal resistance
exhibited a declining trend with increasing heat input, reflecting enhanced phase‑change dynamics and more vig‑
orous oscillatory flow within the PHP. The conϐiguration using graphene oxide (GO) nanofluid with a 2 mm inner
diameter achieved the lowest thermal resistance value of 0.78 K/W, outperforming the corresponding 3 mm GO
case (0.80 K/W) and all water‑based conϐigurations. This improvement can be attributed to the superior thermal
conductivity and surface activity of GO nanofluid, which promotes rapid vapor bubble generation and accelerates
fluid motion through the capillary channels.

Water‑based systems, by comparison, consistently exhibited higher thermal resistance, particularly in the 3
mm diameter setup, where diminished capillary dominance delayed the onset of oscillations and reduced thermal
transport efϐiciency. The data emphasize that reduced internal diameter strengthens capillary action, facilitating
frequent vapor‑slug formation and more effective heat transfer along the evaporator–condenser pathway [4]. Al‑
though larger diameters increase available flow volume, they hinder capillary‑induced motion, especially under
low‑to‑moderate heat flux, resulting in slower thermal response and elevated resistance.

Nevertheless, the introduction of GO nanofluid helps counterbalance these geometric limitations by enhancing
thermal performance even in less favorable tube dimensions. These results highlight the importance of simultane‑
ously optimizing working fluid characteristics and geometric design to achieve minimal thermal resistance. The
ϐindings reinforce the potential of GO‑enhanced, small‑diameter PHPs as a robust and passive cooling solution for
photovoltaic thermal applications, particularly where compactness, energy independence, and operational reliabil‑
ity are essential.

As thediameter increases beyonda critical value, thedominanceof capillary forces decreases,which can impair
the efϐiciency of capillary action. This leads to less effective fluid oscillations and higher thermal resistance. The
maximum performance of the solar panel occurs at 25 °C; temperatures above this result in performance loss due
to high temperatures, which strongly affects performance. In this experiment, maximum 𝑃𝑜𝑢𝑡 suffers a major loss
especially at midday. At the beginning, PHP with 𝐷𝑖= 2 showed better performance, but over time, PHP with 𝐷𝑖= 3,
offers higher performance especially when graphene oxide was employed as a coolant (Figure 13).
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Figure 12. Thermal resistance vs received heat.

Figure 13. Effect of coolants and diameter on 𝑃𝑜𝑢𝑡 .

As shown in Figure 14, the electrical efϐiciency of the PV panels is inversely related to surface temperature.
During the test day, as solar irradiance increased and temperatures peaked aroundmidday, all systems experienced
a decline in PV efϐiciency. This trend is consistent with the well‑established temperature sensitivity of photovoltaic
cells, where rising cell temperature reducesopen‑circuit voltage, thereby loweringpoweroutput. However, thePHP‑
integrated systems—especially those employing GO nanofluid—effectively mitigated this loss through enhanced
cooling performance. Among all conϐigurations, the 2 mm GO‑based PHP consistently delivered the highest PV
efϐiciency, reaching a peak of 0.1318, compared to 0.1297 for the best‑performing 3 mm GO case, and 0.1289 for
the 2 mmwater‑cooled system.

Interestingly, after the midday peak (approximately 3:07 PM), the larger‑diameter (3 mm) systems began to
outperform their smaller counterparts, particularly in terms of sustained efϐiciency under declining irradiance and
stabilized thermal load. This behaviormay be attributed to the greater flow volume and smoother oscillation stabil‑
ity in wider channels, which become more favorable once high‑temperature transients subside. Furthermore, GO
nanofluid proved superior towater in both diameter categories due to its higher thermal conductivity and improved
wetting behavior, leading to more uniform heat extraction across the panel surface. These ϐindings highlight that
while smaller diameters excel under peak solar conditions due to stronger capillary effects, larger diameters offer
thermal inertia beneϐits in later stages of the cycle, making hybrid nanofluid PHPs adaptable to varying real‑world
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solar proϐiles.

Figure 14. Effect of coolants on electrical efϐiciency.

Figure 15 illustrates the instantaneous thermal efϐiciency (𝜂𝑖𝑚) of the PV system as a function of time for dif‑
ferent working fluids (water and graphene oxide‑based nanofluid) and inner diameters of the PHP. The data indi‑
cate that systems employing GO nanofluids consistently outperform those using water, regardless of PHP diameter.
This improvement is primarily attributed to the superior thermophysical properties of GO nanofluids, including
enhanced thermal conductivity and convective heat transfer, which facilitate more efϐicient heat removal from the
PV surface.

Notably, during peak solar irradiance (around 12:00–13:00), the system with GO and 𝐷𝑖= 3 mm achieves the
highest thermal efϐiciency, exceeding 8%. This suggests that a larger inner diameter enhances the circulation of
the nanofluid within the PHP, thereby improving the overall thermal transport capability of the system under high
thermal load conditions.

Conversely, the performance of water‑cooled systems remains relatively lower throughout the day, with max‑
imum efϐiciency observed to be below 4.5%, highlighting the limited thermal responsiveness of water under fluct‑
uating heat flux.

These results emphasize the synergistic impact of nanofluid selection and geometric optimization of the PHP
in maximizing PVT system efϐiciency, particularly during the critical midday period when thermal stress is highest.

Figure 15. Enhancement of electrical efϐiciency using various cooling fluid.
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3.3. Comparative Performance Analysis and Mechanistic Insight
The superior performance of the proposed 3D‑PHP system can be attributed to the synergistic effect of geomet‑

rical design and coolant enhancement. Unlike 2D PHPs or conventional air/water‑cooled systems, the 3D structure
offers improved fluid motion due to additional oscillation pathways, enabling heat transfer in multiple directions
and maintaining operation even under low‑gravity or inclined conditions. Furthermore, the use of graphene oxide
nanofluid signiϐicantly improves heat transfer through enhanced thermal conductivity (∼ 6.8% over DI water) and
lower surface tension, which facilitates earlier nucleation and more stable oscillations. Smaller internal diameters
(2 mm) intensify capillary action, leading to lower startup temperatures and faster activation of oscillating motion.
This capillarity‑driven flow is especially crucial in passive cooling systems with no active pump. The experimental
results demonstrated up to a 3.2% improvement in PV power output using the GO‑based 2mmPHP, outperforming
traditional cooling methods that either suffer from high thermal resistance or freezing issues. Compared with pre‑
vious work using standard heat pipes [21] and 2D conϐigurations [23], the proposed design achieves lower thermal
resistance (0.78 K/Wvs. > 1.0 K/W) and higher electrical efϐiciency under the same irradiance levels. This conϐirms
the advantages of integrating nanofluid‑enhanced, geometrically optimized PHPswith PV panels for high‑efϐiciency
passive cooling.

4. Conclusions
This study demonstrates the effectiveness of a passive thermal management strategy for photovoltaic systems

through the integration of a three‑dimensional pulsating heat pipe (3D‑PHP) charged with deionized water and
graphene oxide (GO) nanofluid. Experimental results conϐirm that both the working fluid and the PHP inner di‑
ameter substantially influence thermal regulation and power output. Speciϐically, the system incorporating GO
nanofluid and an optimized inner diameter achieved a peak power improvement exceeding 7.5% and reduced ther‑
mal resistance by over 30%, underscoring the critical role of nanofluid‑enhanced heat transport.

The addition of sodium dodecyl sulfate (SDS) as a surfactant contributed to stabilizing PHP oscillations by
modulating surface tension effects, while a copper plate interface efϐiciently transferred heat away from the PV
module. Thesemodiϐications enabled the system tomaintain lowerPV surface temperatures duringpeak irradiance
without the need for external energy input.

The ϐindingshighlight thepotential of 3D‑PHPswithnanofluids as a scalable, low‑cost, andenergy‑independent
cooling solution for PV modules. However, the limited commercial application of PHP‑integrated PV systems sug‑
gests a need for further research focused on system reliability, long‑term performance, and integration with stan‑
dard PV installations to bridge the gap toward practical deployment.

Although the current study demonstrates the efϐiciency of the 3D‑PHP cooling system, future experimental
designs should explore the influence of additional parameters such as inclination angle, long‑term operational sta‑
bility, and nanofluid concentration optimization. These will further validate the scalability and reliability of the
system across different climates and operational contexts.
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Abbreviation
A collector aperture area (m2)
C heat capacity of ϐlowing medium (J/kg k)
D diameter
G incident solar radiation (W /m2)
I electric current (A)
𝒎̇ mass ϐlow rate
Q heating power (W)
P power (W)
T temperature (°C)
R thermal resistance (°C W−1)
V voltage (V)
HP Heat pipe
OHP Oscillating heat pipe
PHP Pulsating heat pipe
Pr Prandtl number
PV Photovoltaic
Re Reynolds number
S Speed
α absorption ratio
β packing factor
γ speciϐic heat ration
ρ density
σ surface tension
φ volume fraction of the nanoparticles
η efϐiciency
Subscripts
a ambient
air air
c condenser
el electrical
e evaporator
GO graphene oxide
i inner
im Improvement
in Input
mp maximum power point
nf nanoϐluid
oc open‑circuit
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out output
pv Photovoltaic
rc reference
s solar collector
sc short‑circuit
w wind
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