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Development of a novel solar
system incorporating a heat pipe
within a porous enclosure for
simulating paraffin melting

M. Sheikholeslami*2*?, M. J. Sarmadi*?"*“, Ladan Momayez? & H. R. Ashorynejad*

In current work, a new design of a heat pipe solar collector coupled with a parabolic reflector is
numerically analyzed to boost the overall efficiency. The design incorporates several advanced thermal
management strategies aimed at improving both heat transfer and energy storage capabilities.

The region surrounding the heat pipe inside the evacuated tube is filled with paraffin (RT31), which
serves as a phase change material (PCM) and is reinforced with MWCNT nanoparticles to boost its
thermal conductivity and accelerate the melting process. In the condenser section, water mixed with
hybrid nanoparticles (Ag-MoS,) is employed as the working fluid to significantly enhance convective
heat transfer. Moreover, porous metallic foam is embedded within the PCM zone to further improve
heat diffusion and reduce melting time. The thermophysical characteristics of the mixtures are
incorporated through User-Defined Functions (UDFs), whereas the radiative heat transfer within the
evacuated zone is also considered. The outputs reveal that the inclusion of the parabolic reflector
notably increases the temperature of the heat pipe, paraffin, and water zones by approximately
31.62%, 31.43%, and 11.82%, respectively. The liquid fraction of the PCM in structure equipped with
the reflector is about 2.897 times greater than that of the conventional system, demonstrating a
significant improvement in melting performance. Furthermore, as the operating time increases from
10 to 40 min, the temperatures of the heat pipe, paraffin, and water zones rise by 23.77%, 24.97%, and
9.18%, respectively. When all enhancement techniques—including the reflector, hybrid nanoparticles,
and porous foam—are combined, the system achieves remarkable temperature increases of

8.81%, 23.61%, and 27.18% for the water, PCM, and heat pipe zones, respectively, with the PCM
liquid fraction reaching 3.247 times that of the base design. Overall, this integrated configuration
demonstrates a significant advancement over conventional heat pipe solar systems by coupling optical
concentration, nanomaterial enhancement, and porous media conduction within a single structure.
The results highlight the strong potential of this design for improving solar thermal efficiency,
accelerating energy storage, and promoting sustainable energy utilization.

Keywo rds Heat pipe solar collector, Parabolic reflector, PCM, Hybrid nanofluid, Porous foam, ANSYS
FLUENT simulation, User-defined functions (UDFs), Evacuated tube collector

Due to its abundant availability, and easy accessibility, solar energy is regarded as one of the most favorable
sources of renewable energy. Among solar technologies, heat pipe solar collectors have proven to be an
efficient solution for converting solar irradiation into usable thermal energy. These systems are widely utilized
in domestic water heating, industrial processes, and solar thermal power generation, thanks to their ability to
transfer heat with minimal temperature loss and high thermal efficiency. To further improve energy storage and
ensure a continuous heat supply, phase change materials (PCMs) are often incorporated into heat pipe systems.
PCMs capture and store energy, providing a stable and controlled heat output for sustained system performance.
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Conventional PCM-based systems, however, are often limited by their inherently low thermal conductivity. To
address this challenge, nanoparticles can be dispersed within the PCM, and hybrid nanofluids can be applied in
the condenser water. These enhancements improve the paraffin’s effective thermal conductivity and strengthen
convective heat transfer within the fluid. Consequently, these improvements lead to a substantial enhancement in
the system’s efficiency and energy utilization efficiency. Furthermore, incorporating porous metallic foam within
the PCM container has been demonstrated to significantly enhance heat distribution. The foam’s interconnected
solid structure creates additional conductive pathways, which reduce temperature gradients, facilitate more
uniform melting, and strengthen buoyancy-driven convection within the molten PCM. By combining heat
pipe technology, nanoparticle-enhanced PCM, hybrid nanofluids, and porous foam, this integrated approach
offers a robust strategy to maximize solar energy capture and storage. It effectively overcomes the limitations of
conventional solar thermal systems and provides a pathway toward the development of next-generation, high-
performance solar collectors.

Wolde et al.! conducted a parametric research of a modular solar drying unit combined with a packed-bed
thermal storage unit. Their findings revealed that implementing early airflow switching, along with optimizing
storage volume and utilizing a single solar collector, can lower overall system costs by nearly 40.53% compared
to traditional drying configurations. Xu et al.? explored various enhancement techniques and practical
implementations of photothermal conversion in heat pipe system. They reported that incorporating a solar
tracking mechanism enables the collector to align with the sun’s path, thereby concentrating a greater amount of
solar radiation onto the absorber surface. Giir et al.? suggested a new solar-assisted system incorporating nano
enhanced PCM (NEPCM) and reported that the combined use of NEPCM and a solar panel enhanced heat
retention by approximately 20% compared to a baseline design using conventional PCM. Karabuga* conducted
an economic analysis of hydrogen production using both evacuated tube heat pipe and reflector, reporting that
the overall system exergy efficiency was approximately 9.85%. Younis et al.” investigated the drying behavior, as
well as the environmental and economic performance, and reported that the air temperature within the chamber
ranged from 44 to 75 °C.

Gurgenc et al.% examined different configurations of a thermal storage system containing paraffin enhanced
with Boron Carbide nanoparticles and reported that the melting duration decreased by approximately 20% in
the optimal design, which featured a bottom semi-circular partition. Remlaoui et al.” scrutinized a numerical
research on a solar system and found that the average solar fraction (SF) reached its peak of over 84% during
September. Sonkar® evaluated the efficiency of a heat pipe system integrated with a seawater desalination system
and reported that the maximum freshwater condensation rate of 0.154 L/h m? was achieved in the optimized
design. Giir et al.’ investigated the underfloor heating system incorporating a solar panel and NEPCM, reporting
that the maximum temperature difference of 4 K was achieved between the optimized design and the baseline
configuration. Jayanthi et al.!® compared the use of two distinct nanofluids in a heat pipe and observed that
CuO-water produced the highest thermal efficiency, reaching 56.95%.

Despite the extensive research conducted on heat pipe solar collectors, most previous articles have primarily
focused on enhancing individual components such as the working fluid, PCM, or absorber surface, while
neglecting the synergistic interaction among these subsystems. Conventional systems generally employ either
nanofluid-based cooling or PCM-based thermal storage, and only a few have attempted to combine these
techniques within an evacuated configuration. However, those limited attempts often overlooked crucial
factors such as the thermal behavior of the vacuum region, the radiative exchange effects, and the temperature-
dependent variations in thermophysical properties during phase change. Moreover, the impact of porous foam
structures and hybrid nanoparticles on improving the heat transfer performance and stability of PCM layers has
not been comprehensively investigated within a complete solar heat pipe assembly. To bridge these research gaps,
the present work proposes a newly integrated heat pipe solar collector that simultaneously incorporates vacuum
insulation, hybrid nanofluid cooling (Ag-MoS,/water), nanoparticle-enhanced PCM (paraffin-MWCNT),
and porous metallic foam. This multi-enhancement configuration is modeled under realistic environmental
conditions of Babol city, ensuring practical relevance and accuracy. The use of UDFs in ANSYS Fluent enables
precise representation of the coupled effects of phase transition, temperature variation, and property evolution,
which have rarely been considered in earlier simulations. This comprehensive approach establishes a new
pathway for developing high-efficiency solar thermal systems capable of storing and transferring heat more
effectively, thereby contributing significantly to sustainable energy utilization and next-generation solar thermal
design.

Modeling approach for the novel heat pipe system with concentrator

In this study, a hybrid heat pipe—parabolic reflector system is investigated (Fig. 1). The interior section of system
is filled with paraffin wax (RT31), whereas the condenser section utilizes water as the testing fluid for heat
exchange. To boost the efficiency of the paraffin, MWCNT nanoparticles are dispersed at a volume fraction of
0.03, enhancing its effective thermal conductivity. Similarly, water in the condenser is enriched with a hybrid
nanofluid consisting of Ag and MoS, nanoparticles, each with a volume fraction of 0.016, to further boost
heat transfer. Additionally, metal foam is embedded within the paraffin region. The various simulation cases
considered in this study, including different nanoparticle and foam configurations, are summarized in Table
1. In the simulation, the evacuated region surrounding the heat pipe is included, and the S2S radiation model
is applied to accurately account for radiative heat transfer within this zone. The orientation of the pipe is set
according to the latitude of Babol city, ensuring realistic solar incidence angles. Solar irradiation and ambient
air conditions, including wind speed and temperature, are based on meteorological data for May 29, 2024, at
noon. Detailed geometrical parameters and the properties of all layers are illustrated in Fig. 2!'-'7. The initial
temperature throughout the entire computational domain is set to 299.15 K. For modeling the paraffin region,
the governing equations presented in Refs.!'®-2, have been adopted.
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Fig. 1. Configuration of the heat pipe system coupled with a parabolic reflector.
Reflector -\ |V |V
NEPCM |- ||V
Hybrid nanofluid | - |- | v |V
Metal foam - |-V
Table 1. Description of the simulation cases investigated in this heat pipe system.
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The above equations are applied for modeling paraffin in the existence of metal foam. In the current study,
aluminum foam is employed. The permeability (K) of the porous structure is determined using the following
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Glass
Outer tube diameter (mm) 58
Inner tube diameter (mm) 47
Thickness (mm) 2
Length (mm) 1800 Heat pipe
Density (22 /2 *) 2500 Density (0 /0 7) 8978
Specific heat capacity (/ (B2 .0)) [ 670 . Specific heat capacity (B/ (22 .B)) | 381
Thermal conductivity @ /(2 .8)) | 1.2 Thermal conductivity (@ /(@ .@)) | 38000
Emissivity 0.86 Evaporator length (mm) 1730
Absorptivity 0.018 Evaporator diameter (mm) 8
Insulation length (mm) 25
Absorber Condenser length (mm) 45
Absorptivity 0.92
Condenser diameter (mm) 19.85
Emissivity 0.08
Thickness (mm) 0.2
Shell fin (Copper) ALl
Density @ /8 7) 3978 Density (28 /8 7) 1.225

i ; B
Specific heat capacity (&/ (22 .3 )) | 381 Specific heat capacity (&/ (22 .2 )) | 22

— =
Thermal conductivity (2 /(8 .0)) | 387.6 Thermal conductivity (@ /(2 .0)) |&@

Emissivity 0.2
Thickness (mm) 0.2
Heat flux 912 W/m?
h=15.2 (W )
Qioss,conv . m?. K
Heat loss T, =299.15K
q;oss,rad TSk)’ =285.61K

Tank (Aluminum)
Density (kg/m®) 2719

Specific heat capacity (J/(kg. K)) 871

Thermal conductivity (W /(m.K)) 202.4

Diameter (mm) 100

Length (mm) 100

Reflector

Insulated wall f

Fig. 2. Detailed representation of the heat pipe system including geometrical layout, optical configuration, and
thermophysical properties.
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The density of the paraffin-nanoparticle mixture is determined using the following expression, which
incorporates both the phase change behavior of paraffin and its temperature-dependent variations?>%3:

pNEPCM = ©pnp + (1 — @)pPcm (11)
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Similarly, the specific heat capacity and latent heat of the paraffin-nanoparticle mixture are determined using
the following expressions®%*:
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The thermal conductivity and viscosity of the paraffin-nanoparticle mixture are calculated applying the following
expressions?>?%;
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All features of the NEPCM were calculated using the aforementioned equations and implemented in ANSYS

Fluent through UDFs. The features of the nano-powders employed in this study were summarized in Table
22225

In current study, the heat pipe is represented as a solid zone possessing high thermal conductivity. This
assumption facilitates efficient heat transfer along the pipe, minimizing thermal resistance and enabling rapid
transport of heat from the absorber to the condenser. Using a material with superior thermal conductivity allows
the model to accurately capture the peak thermal performance of the system without being constrained by the
inherent conduction limits of the heat pipe material. Such a simplification is commonly adopted in numerical
analyses to emphasize system-level behavior and to isolate the effects of working fluids and geometry on overall
thermal performance. The governing equation for heat conduction in the solid region is given as follows:

Material MWCNT | Water MosS, Ag
Density (kg/m?) | 1600 995.6764 5060 10,490

C, J/(kg.K)) 796 4178.257 397.21 235

k (W/(m.K)) 3000 0.615035 904.4 429

L (kj/kg) - - -
p(kg/(m.s)) 0.000800824 | - -

B (1/K) 1.9 x 10™° | 0.00021 2.8424 x 1077 | 1.89 x 1073

Table 2. Thermophysical parameters of the working and structural materials?2~25.
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The equations for the fluid behavior within the condenser are given as follows?*?:
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The water in the condenser is enhanced with Ag and MoS; hybrid nanoparticles, and the thermophysical features

of the resulting nanofluid are calculated using the following formulations?>2;
prng = [(1 = @2) {pw (1 — 1) + psip1} + ps2ip2] (22)
(pCp)ins = [(1 = 92) {(0C),, (1 = 1) + ((0Cp)191) } + (pCy)s2p2] (23)
bing _ 2k — 201 (kuw — koy) + b, (24)
kw 2kw + @1(kw — ksy) + ks,

knng _ 2kng — 201 (kny — ks,) + ks, (25)

kng  2kng +01(kng — ksy) + ks,
Hhnf = (1— S01)2/;1(”1 PR (26)
(pB)nns = [(1 = @2) {(pB),, (1 — 1) + (pB),, 1} + (pB)s2p2] (27)

The evacuated region is simulated using the S2S radiation model, with the following formulations applied?*3:

N
Qout,rad, ), = 5kUTk4 + pr Z ij Jj (28)
j=1
1 cos 0y, cos;
Frpj = — I S idAkdA;
kj Ar /Ak /A] 2 kjAGARAA; (29)

For the current unsteady simulation, ANSYS Fluent was employed. The unsteady terms were discretized using an
implicit scheme, and the enthalpy-porosity approach was applied to model melting. Convergence was ensured
by maintaining the residuals of all governing equations below le-5.

Results and discussion

In this article, a new configuration of a heat pipe-based solar collector is introduced to boost the efficiency of
solar energy harvesting, storage, and conversion. The system is specifically designed according to the climatic
conditions of Babol city, where the optimal tilt angle, solar irradiation intensity, and ambient air characteristics
have been carefully selected to ensure realistic operation. The collector is composed of four key thermal regions:
the evacuated zone, the solid heat pipe region, PCM zone surrounding the heat pipe, and the water condenser
section. To enhance the useful heat recovery within the condenser region, a hybrid nanofluid composed of Ag-
MoS, nanoparticles dispersed in water is utilized. In the PCM zone, paraffin wax is selected as the base material
for thermal storage, which is further reinforced with MWCNTs to boost thermal conductivity and reduce
melting time. Additionally, the PCM zone is embedded with porous metallic foam, which acts as a conductive
network that accelerates both melting and solidification, enhancing energy storage and release efficiency. To
capture the complex variations in thermophysical properties during phase transition and temperature change,
user-defined functions (UDFs) are developed and implemented in ANSYS FLUENT. The integration of hybrid
nanofluid cooling, nanoparticle-enhanced PCM, and porous foam within an evacuated heat pipe structure
introduces a multi-scale enhancement approach that has rarely been investigated in the literature. Overall, this
new hybrid design represents an important step toward the development of advanced solar thermal systems
capable of achieving higher efficiency, greater energy storage density, and improved operational stability.

To assess the optical efficiency of the heat pipe solar system, simulations were conducted for both
configurations—with and without a parabolic reflector—using two specialized software tools. Tonatiuh was used
to model the system without a reflector, while SolTrace was utilized for the configuration including the parabolic
reflector. Figures 3 and 4 present the resulting distributions of the concentration ratio (CR) for the two cases.
The parabolic reflector in this study has a reflectivity of approximately 0.8. Using the solar irradiation data, the
local heat flux distribution on the absorber surface was calculated, capturing the spatial variation of solar energy
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Fig. 3. Optical simulation for case 1.
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Fig. 4. Simulation of optical behavior of the system with the reflector.

input. This space-dependent heat source was then implemented into the ANSYS Fluent simulations through a
UDE, allowing accurate coupling of the optical analysis with the thermal and fluid dynamics modeling.

The reliability of the numerical method was confirmed through a two-step validation procedure. In the first
step, the phase change behavior of paraffin was simulated based on previous work®!, where RT82 was used within
a porous zone. The hot wall temperature was set to 343 K, while the initial PCM temperature was 366 K. Figure
5a offers a comparison between the predicted LF and the reference data, demonstrating excellent agreement
with a maximum error of less than 5%. In the second step, the behavior of the heat pipe in the presence of PCM
was evaluated>2. In this case, Rubitherm 55 was used as the PCM, and the hot wall was maintained at T = 335
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Fig. 5. Model validation procedures: (a) phase change process with metal foam?!, and (b) melting behavior in
the presence of a heat pipe®2.

K. The predicted LF values were compared with published results, as depicted in Fig. 5b, and the maximum
error was found to be less than 2.3%. Overall, the validation outputs prove that the proposed numerical setup
effectively reproduces the phase transition and behavior of the heat pipe-PCM configuration, underscoring the
dependability and strength of the simulation method applied in this work.

A sensitivity analysis has been conducted to verify the reliability of the simulation outputs by examining
how variations in mesh density and time-step size affect the predicted liquid fraction (LF) for Case 3. Figure 6
presents the LF values obtained for various grid resolutions and different time-step levels. The results indicate
that increasing the mesh density and decreasing the time step improves the precision of the numerical solution;
however, beyond a certain threshold, further refinement yields negligible changes in LF while significantly
increasing computational cost. Based on this analysis, a mesh consisting of 1,187,697 elements combined with At
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Fig. 6. Analysis of mesh and time-step sensitivity for numerical accuracy.

0f 0.05 s was selected as the optimal configuration. This choice provides an accurate solution while maintaining
computational efficiency, balancing numerical accuracy with reasonable simulation time. The corresponding
mesh structure applied in the numerical model is demonstrated in Fig. 7, showing the discretization used for
the PCM, heat pipe, and condenser regions. This careful selection of mesh and At ensures that the subsequent
simulation results are both reliable and computationally efficient.

Figures 8, 9, 10 and 11 illustrate the temporal evolution of temperature in the water, PCM, and heat pipe
zones for all simulated cases. In these figures, the legends for the water and PCM zones represent the mixture
properties, reflecting the combined influence of the nanoparticles and the base fluids. According to Table 1, Case
1 represents the base system without any enhancement techniques, Case 2 includes a parabolic reflector, Case 3
incorporates the reflector along with nanoparticles, and Case 4 combines the reflector, nanoparticles, and porous
foam. Upon exposure to solar irradiation, the paraffin begins to melt first, absorbing thermal energy. Afterward,
the heat pipe transports the heat toward the condenser zone, leading to a gradual rise in the water temperature.
As expected, the temperature in all three zones increases over time due to continuous solar heating and heat
transfer from the PCM. Between 10 and 40 min, the PCM temperature rises by approximately 5.92%, 34.65%,
34.17%, and 24.97% for Cases 1 through 4, respectively. Over the same period, the water temperature increases
by 1.71%, 13.72%, 15.31%, and 8.18%, and the heat pipe temperature rises by 4.76%, 37.5%, 37.2%, and 23.77%
for Cases 1 to 4, respectively. These results indicate that Case 2, which includes the parabolic reflector, exhibits
the largest temporal temperature variation, highlighting the strong effect of concentrated solar irradiation. After
40 min of operation, the inclusion of a parabolic reflector enhances the temperatures of the water, PCM, and
heat pipe zones by approximately 11.82%, 31.43%, and 31.62%, respectively, compared to the base case. The
additional use of nanoparticles and porous foam (Case 4) further improves thermal performance, raising the
temperatures of the water, PCM, and heat pipe zones by 8.81%, 23.61%, and 27.18%, respectively, relative to
Case 1.

Figure 12 depicts the temporal variation of LF for all four simulated cases. As the simulation progresses, heat
penetrates deeper into the PCM domain, gradually converting solid paraffin to liquid and producing a clear
increasing trend in LF over time. At t=40 min, the LF values have increased approximately 4.68, 4.22, 4.15, and
3.88 times compared to their respective values at t=10 min for Cases 1, 2, 3, and 4, respectively. The application
of a parabolic reflector (Case 2) markedly enhances heat absorption in both the PCM and water zones. The LF
in Case 2 increases by about 2.897 times. This occurs because the reflector concentrates solar irradiation onto
the system, boosting the local heat flux and accelerating the melting, thereby improving energy storage and
overall thermal efficiency. The introduction of nanoparticles in both the PCM and water zones (Case 3) further
increases the LF by approximately 2.84% relative to Case 2. Nanoparticles in the paraffin improves its effective
thermal conductivity, facilitating faster and more uniform heat distribution, while hybrid nanoparticles in the
water coolant improve convective heat transfer, reduce thermal resistance, and stabilize temperature distribution
throughout the condenser. These effects collectively contribute to higher system efficiency. Finally, embedding
porous foam within the PCM region (Case 4) leads to an additional LF increase of about 8.98%. The highly
conductive metal foam creates an interconnected network for heat conduction, accelerating energy transfer
from hotter to cooler regions within the PCM and promoting uniform melting. When all three enhancement
strategies—reflector, nanoparticles, and porous foam—are applied together, the LF of Case 4 reaches
approximately 3.247 times that of the base configuration.

Figures 13, 14 and 15 illustrate LE, temperature, and velocity distributions within the PCM for Cases 1, 2
and 3 from both sectional and lateral perspectives. The results reveal that, in all cases, the top region exhibits
a higher LF due to the action of buoyancy-driven convection, which transports warmer, lower-density fluid
upward while cooler, denser material remains at the bottom. Once the melting starts, the top portions of the
PCM attain higher temperatures than the lower layers due to buoyancy-driven heat transfer. In the absence of a
reflector, the upper PCM region receives a concentration ratio (CR) of approximately 0.632, while the inclusion
of a parabolic reflector significantly increases the heat flux to the lower PCM region, raising its CR to about
1.193. Hence, enhanced heat absorption at the lower section promotes faster melting and leads to a higher liquid
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Fig. 6. (continued)

fraction in that area. Within the molten PCM, natural convection causes the warmer fluid to rise, generating
eddy structures and circulating flows in the upper zones. In the early phase, when most of the PCM is still solid,
conductive heat transfer prevails, resulting in higher temperatures at the bottom region where solar radiation is
most concentrated. As melting progresses, buoyancy-driven convection becomes increasingly significant. Hot,
less dense PCM rises toward the top, while cooler, denser PCM remains near the bottom. In inclined tubes,
convection cells develop along the surface, enhancing vertical heat transport. Over time, the upper regions
of the PCM may become hotter than the lower regions, despite receiving lower direct irradiation, as heat is
continuously carried upward by the rising molten PCM. This dynamic process highlights the combined effects
of conduction, natural convection, and optical concentration in achieving uniform PCM melting and efficient
thermal energy distribution.

Figure 16 illustrates the transient temperature distribution of Case 4 at various simulation times. In this
configuration, aluminum porous foam with high porosity is embedded within the PCM region surrounding
the heat pipe. The primary purpose of incorporating this metallic foam is to enhance the conduction mode,
which is inherently limited in pure paraffin. In a conventional system without foam, heat propagates mainly by
conduction through the PCM, leading to slow thermal diffusion and the formation of steep temperature gradients
between the lower (hot) and upper (cold) regions. When the aluminum foam is introduced, its interconnected
solid structure provides multiple high-conductivity pathways for heat transfer. Heat absorbed from the region
exposed to higher solar irradiation at the bottom is rapidly transmitted to the upper zones. This mechanism
significantly reduces local temperature gradients, leading to more uniform isotherms. The foam acts as a heat-
spreading network, accelerating the melting process by transferring energy evenly across the phase change
interface. Over time, as more PCM melts, buoyancy-driven convection becomes more pronounced due to the
temperature-dependent density variations within the molten PCM. The improved thermal conduction offered
by the foam facilitates this convective flow, leading to a faster and more uniform melting front that progress
upward. Consequently, the PCM achieves uniform melting, elevated average temperatures, and improved heat
storage efficiency compared to systems without foam. The interplay of heat conduction through the metallic
foam framework and convection within the molten PCM markedly enhances overall thermal performance and
energy utilization.

Figures 17 and 18 illustrate the temperature and velocity contours within the condenser zone of Case 4
at different operating times. In this configuration, the condenser section receives heat indirectly from the
evaporator and PCM regions through the heat pipe structure. Once absorbed, the heat moves through the wall
of the heat pipe and is passed on to the hybrid nanofluid flowing through the condenser, where it is effectively
utilized for thermal exchange. This hybrid nanofluid, which contains Ag-MoS, nanoparticles, serves as the
working fluid and exhibits enhanced thermal conductivity compared to pure water. When heat is conveyed from
the pipe wall into the fluid, the resulting temperature increase causes the fluid density to decrease. This density
gradient initiates buoyancy-driven natural convection, which promotes fluid circulation within the condenser
region. In the initial phase of heating, significant temperature variations occur close to the outer wall, primarily
due to conduction, while the interior fluid region remains relatively cold. As time progresses, heat is gradually
distributed throughout the fluid domain through convection, resulting in a more uniform temperature field.
The development of thermal plumes becomes evident near the upper region of the heat pipe as warmer fluid
ascends and cooler fluid descends to replace it, creating a natural convective loop. This circulation enhances
the overall heat transfer within the condenser and promotes faster energy transport away from the heat pipe
wall. With increasing operating time, both the intensity of the thermal plume and the velocity magnitude of the
fluid increase, signifying stronger convective motion. The bottom region of the condenser consistently shows
lower temperatures due to the reduced buoyancy forces and weaker circulation near the base. The formation
of eddy structures and recirculation zones above the heat pipe further signifies the shift from conduction to
convection. The observed flow circulation is key to achieving temperature balance and facilitating more
effective heat dissipation from the condenser region. Overall, the contours clearly demonstrate that the use
of hybrid nanofluid in Case 4 significantly improves heat transport mechanisms within the condenser zone.
The combination of nanoparticle-enhanced conductivity and buoyancy-induced convection leads to a more
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Fig. 7. Representation of the mesh structure applied in the numerical model.
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effective thermal exchange process, ensuring rapid and uniform heating of the working fluid. This enhanced
convective behavior contributes to the superior performance of the hybrid heat pipe solar system compared with
conventional configurations.

Conclusion

This study introduced an innovative design of a heat pipe system that integrates multiple enhancement strategies.
The system was designed based on the real climatic conditions of Babol city, considering the optimal tilt
angle, solar irradiation, and ambient air characteristics. The proposed configuration consists of four thermally
interactive zones—namely, the evacuated region, the solid heat pipe zone, the PCM section surrounding the
pipe, and the condenser region filled with water. The radiative behavior within the vacuum zone was modeled
using the S2S approach, while the heat pipe was represented as a high-conductivity solid to ensure accurate
prediction of the energy balance and thermal resistance. To intensify the heat transfer process, a hybrid
nanofluid was utilized in the condenser region. Moreover, the PCM region, composed of paraffin wax enhanced
with MWCNT nanoparticles and reinforced with porous foam, facilitated faster melting and solidification
while improving the stability of energy storage. UDFs were developed and implemented in ANSYS Fluent to
incorporate the variations in temperature and phase change characteristics of the working materials. In this
study, four different configurations of a heat pipe system were numerically investigated to evaluate the combined
effects of a parabolic reflector, nanoparticle enhancement, and porous foam integration on the system’s thermal
and storage performance. Case 1 represents the base configuration of the system without any enhancement
techniques. Case 2 incorporates a parabolic reflector to intensify solar radiation absorption. Case 3 extends
the design by adding nanoparticles to both the PCM and water regions in the presence of the reflector. Finally,
Case 4 introduces a comprehensive enhancement strategy that combines all three techniques—porous foam
embedded in the PCM region, nanoparticle augmentation in both the PCM and condenser water, and the
addition of concentrator. The findings reveal the superior performance of the modified systems over the baseline.
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(b) Lateral view.

Nanoparticle dispersion increases the PCM’s LF by about 2.84%, and the presence of porous foam elevates it
further by around 8.98%, reflecting faster melting and improved energy storage. When all three enhancement
techniques are employed simultaneously, the temperatures of the water, PCM, and heat pipe zones increase
by 8.81%, 23.61%, and 27.18%, respectively, with the overall liquid fraction rising by approximately 224.71%
after 40 min of operation. Additionally, as time progresses from 10 to 40 min in Case 4, the temperatures of
the water, PCM, and heat pipe regions increase by 9.18%, 24.97%, and 23.77%, respectively, demonstrating the
system’s stable and continuous thermal response under prolonged exposure. The inclusion of the reflector alone
also produces a noticeable improvement, increasing the temperatures of the water, PCM, and heat pipe zones
by 11.82%, 31.43%, and 31.62%, respectively, after 40 min, while the corresponding liquid fraction in Case 2
is about 2.897 times greater than that of the base case. These results confirm that the combined application of
optical concentration, nanoparticle enhancement, and porous media conduction substantially strengthens the
system’s overall heat transfer and thermal storage performance. In summary, the proposed hybrid heat pipe
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solar collector demonstrates remarkable potential for achieving higher efficiency, faster PCM melting, and more
stable thermal operation compared to conventional designs. The synergistic integration of a parabolic reflector,
NEPCM, hybrid nanofluid, and porous foam creates a robust energy conversion mechanism that significantly
enhances solar energy utilization.
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