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Abstract: In this work, shape-stabilized composite phase change materials (SSPCMs) were fabricated using
paraffin (PA) as the phase change medium, kaolin as the supporting framework, and multi-walled carbon
nanotubes (MWCNT) as thermal conductivity enhancers. Five SSPCMs specimens with MWCNT mass fractions
of 0%, 2.5%, 5%, 7.5% and 10% were prepared at a constant kaolin-to-PA mass ratio of 3:7. The microstructure,
chemical compatibility, thermal conductivity, specific heat capacity and latent heat were comprehensively
characterized. The layered and porous structure of kaolin and MWCNT enabled favorable encapsulation of PA,
and only physical interactions occurred among components, guaranteeing superior chemical stability. With the
increase of MWCNT content, the specific heat capacity and latent heat gradually decreased, whereas thermal
conductivity exhibited a monotonic increase. The SSPCM with 10% MWCNT possessed a thermal conductivity
of 1.88 W/m-K, which was 5 times higher than that of pure PA. Numerical investigation on a finned latent heat
thermal energy storage (LHTES) device indicated that MWCNT incorporation effectively reduced thermal
energy storage duration and elevated energy storage efficiency.
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1. Introduction

Thermal energy is widely present in human daily life. For example, cars burn gasoline to generate heat,
food is cooked by heating, and electric heating is used for warmth, etc. If used improperly, it can easily generate a
large amount of waste heat [1]. Therefore, how to efficiently and reasonably utilize and storage heat energy has
become an important research topic in the current energy field [2-4].

Thermal energy storage (TES) technology is one of the effective means to achieve highly efficient utilization
of thermal energy. TES mainly includes three forms: sensible heat storage, thermochemical storage, and latent
heat storage [5, 6]. Among them, latent heat thermal energy storage (LHTES) plays an increasingly important
role in alleviating the contradiction between energy supply and demand and improving the efficiency of the
energy system due to its advantages such as high energy storage density, small temperature fluctuation during
storage, and high technical maturity. It has been widely applied in solar thermal power generation, building
energy conservation, and other fields [7-9].

The core of this technology lies in the phase change materials (PCMs). PCM can absorb or release a large

amount of latent heat at a relatively constant temperature during the phase change process, thereby achieving
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Paraffin wax(PA), as a commonly used organic phase change material, possesses high latent heat storage
capacity, is non-toxic and non-corrosive, and has good chemical stability [11]. However, phase change materials
such as PA generally have a low thermal conductivity, and they are prone to leakage in practical applications,
thereby reducing the charging and discharging efficiency of the system [12]. To address these issues, high
thermal conductivity porous materials are usually used as the supporting matrix to prepare stable phase change
materials. Such materials can not only effectively prevent the leakage of phase change materials but also
significantly improve their thermal conductivity [13-15].

Currently, the commonly used base materials mainly include inorganic materials [16, 17], polymer foams
[18], activated carbon [19, 20], and metal structures [21, 22], etc. The structural integrity and cost-effectiveness of
the base material are also key factors to be considered during the selection process [23]. During actual operation,
metal-based PCM still have potential problems such as leakage, corrosion, and high cost [24]. In contrast,
carbon-based porous materials, due to their high specific surface area, excellent thermal conductivity, and multi-
scale pore structure, become ideal supporting matrices for phase change materials, helping to enhance their
adsorption and encapsulation performance. Moreover, these materials also possess good high-temperature
resistance, hydrophobicity, acid and alkali resistance, and thermal response capabilities, demonstrating excellent
comprehensive thermal management performance [25].

To further enhance the latent heat storage performance and expand the application potential of shape-
stabilized composite phase change materials (SSPCMs), Cao et al. [26] prepared ultra-high molecular weight
polyethylene (UHMWPE)/carbon nanotube (CNT) composite porous frameworks using microwave sintering
technology, and introduced PA into the framework through vacuum impregnation. They successfully prepared
SSPCMs. Experimental results showed that the leakage rate of this material was only 2.3% when it operated at
70°C for a long time, demonstrating excellent stability. Kanti et al. [27] prepared MWCNT-ALO; hybrid
nanoparticle-reinforced paraffin-based phase change materials. The thermal properties under different hybrid
ratios and filler contents were investigated, and two prediction models namely XGBoost and SMO were
established. The experimental results show that the thermal conductivity is increased by 36.1% at a filler content
of 2 wt% and a hybrid ratio of 80:20. At the dosage of 1 wt%, the optimal enhancement of crystallization latent
heat and melting latent heat is achieved at the ratios of 20:80 and 80:20, respectively. Thermogravimetric analysis
confirms the good thermal stability of the materials. In addition, XGBoost presents obviously higher prediction
accuracy than SMO, which can effectively predict the thermal conductivity and latent heat properties.

Ren et al. [28] studied a method of loading PA through gas-phase deposition onto the composite structure
of CNT and expanded perlite, effectively inhibiting the leakage of PA and increasing the thermal conductivity
of the material by 2.96 times. Karaipekli et al. [29] used CNT as the supporting material to prepare and
characterize the expanded perlite/n-pentadecane (C20) composite material, and evaluated its TES performance
as a new form-stable composite phase change material . It was found that when ExP was loaded with 60 wt%
C20, no leakage occurred.

Subasi et al. [30] prepared a series of unsaturated polyester resin /CNT/microcapsule phase change
material composite systems by combining mechanical mixing and ultrasonic treatment, and post-treated the
materials using UV curing technology. Temperature test results showed that the introduction of MPCM
significantly enhanced the TES capacity of the composite material. Lv et al. [31] used vacuum impregnation to
combine different particle sizes of kaolin with PA, and the resulting material exhibited good thermal stability.

However, there are still certain limitations in the current research on the CNT and kaolin composite system
in improving thermal conductivity and structural stability, and further optimization and exploration are still
needed.

From the perspectives of economy and environmental friendliness, it is urgent to develop a matrix material
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with high thermal conductivity, high stability and environmental friendliness for loading PA. Moreover, existing
studies mainly focus on the preparation and characterization of PA-based shape-stabilized phase change
materials, while there is relatively less research on their practical application in latent heat storage devices.
Further exploration is still needed to verify their feasibility in engineering practice.

To address the aforementioned issues, this paper developed a novel shape-stabilized composite phase
change material based on PA as the PCM, and kaolin and MWCNT the supporting matrix. The microstructure,
chemical compatibility, thermal conductivity, latent heat of phase change, and cycling stability of this material
are systematically analyzed. Furthermore, the prepared SSPCMs are applied in latent heat storage devices for
numerical simulation studies, and integrated into a vertical shell-and-tube latent heat storage device to deeply

explore their heat transfer performance and energy storage behavior.

2. Experiment section

2.1. Raw materials

The PA (powder form, 300 mesh, the phase transition temperature is shown in Figure 1.) used in this
research was purchased from Kaixuan Plastic Technology Co., Ltd. in Dongguan City, Guangdong Province,
China; kaolin was provided by Aladdin Biochemical Technology Co., Ltd. in Shanghai, China; and MWCNT

were procured from Changzhou Carbonbo New Materials Technology Co., Ltd.
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Figure 1. DSC curves of PA for the melting and the freezing process.
2.2. Fabrication of PA/kaolinf MWCNT SSPCMs

In this study, PA was selected as the phase change material, and kaolin and MWCNT were used as the
matrix materials to prepare the shaped phase change heat storage material. The material preparation process is
shown in Figure 2. Preliminary experimental results indicate that a kaolin-to-PA mass ratio of 3:7 yields the
optimal trade-off between morphological stability and total energy storage capacity. Therefore the mass ratio
of kaolin to PA was fixed at 3:7. First, according to the five different ratios shown in Table 1, PA, kaolin and
MWCNT were accurately weighed using an electronic balance with a precision of 0.1 mg and placed on clean
weighing paper. Then, the mixed materials were transferred into a centrifuge tube and blended uniformly on a
digital constant-speed mixer at a rotational speed of 100 r/min for 2 hours to ensure full dispersion of the
components. The five groups of uniformly mixed sample powders were then transferred into standard circular

molds with a diameter of 5 mm, and compressed on a precision press machine under a pressure of 5 MPa for 3
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minutes to maintain stable molding pressure and obtain uniform disc-shaped samples. After cold pressing, the
samples were placed in a programmable constant-temperature furnace for sintering treatment. The temperature
was raised from room temperature to 80 °C at a steady heating rate of 5 ‘C/min, and held isothermally at 80 °C
for 16 minutes to ensure sufficient infiltration and shaping. Finally, the samples were naturally cooled to room
temperature inside the furnace to avoid thermal shock, and five labeled samples: SSPCM-1, SSPCM-2, SSPCM-3,
SSPCM-4 and SSPCM-5 were obtained. Mechanical stirring was adopted to homogenize the composite materials
in this work. The subsequent results indicate that this method can meet the experimental requirements, while
it still exhibits inherent limitations. Accordingly, ultrasonic dispersion is recommended for the homogenization

treatment of composite materials [32].

Table 1. Compositions of the SSPCMs.

Samples SSPCM-1 SSPCM-2 SSPCM-3 SSPCM-4 SSPCM-5
PA(Wt.%) 70 68.25 66.5 64.75 63
Kaolin(wt.%) 30 29.25 28.5 27.75 27
MWCNT(wt.%) 0 25 5 7.5 10

Cool-pressing at 5 Mpa SSPCM

Kaolin U MWCNT

Sintring at 80 °C for 16 min

Figure 2. Flow chart of SSPCMs preparation.
2.3. Characterization

After the sample preparation was completed, leakage performance tests were conducted on
SSPCM-1~SSPCM-5. The microstructure of the composite materials was characterized using a field emission
scanning electron microscope (SEM, Thermo Scientific Apreo 2C, USA) at an accelerating voltage of 10 kV. To
enhance the conductivity of the samples, P, spraying treatment was performed on the surface of the samples
before observation. The chemical structures of PA, kaolin, MWCNT, and SSPCMs were analyzed and identified
using a Fourier transform infrared spectrometer (FT-IR, Spectrum Two, PerkinElmer, USA), with the test wave
number range being 450 - 4000 cm™. The phase transformation characteristics of the samples were determined
using differential scanning calorimetry (DSC, TAG 20, USA) in a nitrogen (N>) atmosphere, with a heating rate
of 3 “C/min and a test temperature range of 25 - 70 “C. The thermal conductivity of the samples was measured
using a thermal constant analyzer (Hot Disk, 25005, Sweden).
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3. Results and discussion

3.1. Leakage experiments

To assess whether the five phase-change materials prepared have any leakage phenomenon, this study
conducted a leakage performance test on them. The specific operation was as follows: The prepared SSPCMs
samples were placed in a muffle furnace and heated at a rate of 5 “C/min from room temperature to 80 °C, and
then kept at this temperature for 30 minutes. At the same time, the mass of the samples before and after heating
was weighed separately to analyze their thermal stability and leakage behavior.

Figure 3. Leakage diagrams of five composite phase change materials before sintering and after sintering and holding at
temperature for 30 minutes.

As shown in Figure 3, the upper part of the figure presents the microscopic morphology of
SSPCM-1~5SPCM-5 in the un-sintered state, while the lower part shows their leakage conditions after sintering
and being held at 80°C for 30 minutes. According to the leakage test results, SSPCM-1~SSPCM-5 can maintain a
relatively stable geometric structure before and after heating. Among them, SSPCM-1~5SPCM-3 show a relatively
obvious leakage phenomenon, SSPCM-4 has a slightly lighter leakage degree, and SSPCM-5 hardly shows any
leakage. By comparing the volume and mass changes of the samples before and after the experiment, it can be
found that the volume of SSPCM-1 decreased by 29.1%, SSPCM-2 a 22.3% reduction, SSPCM-3 an 18.8%
reduction, SSPCM-4 an 11.6% reduction and the volume of SSPCM-5 decreased by 4.7%. In terms of mass,
SSPCM-1 decreased by 33.4%, SSPCM-2 decreased by 30.5%, SSPCM-3 decreased by 25.1%, SSPCM-4 decreased
by 15.3% and SSPCM-5 decreased by 3.4%. The leakage test results demonstrate that despite the relatively high
degree of PA leakage observed in SSPCM-1 and SSPCM-2, all five composite phase change materials are capable
of maintaining excellent shape stability, so the subsequent performance characterization and structural analysis

will be further carried out based on these five samples.

3.2. Microscopic structure analysis

Figure 4a shows the microscopic morphology of PA under an electron microscope, presenting a uniform and
dense structural feature. The particles are distributed in an irregular block-like pattern. The surface has obvious
concavities, fissures and texture features, allowing for clear observation of individual particles and their boundaries.
Figure 4b shows that kaolin has a typical sheet-like structure, with well-developed pore structures between the layers,
giving it excellent adsorption capacity, which helps to effectively inhibit the leakage behavior during the solid-liquid
phase transition of PA. Figure 4c shows that MWCNT present a tubular-like structure. Their surface is composed
of interwoven and interlaced network structures, and the overall surface morphology is clearly visible, including fine
surface textures and tubular channels.
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Figure 4d to 4h show the microstructure characteristics of SSPCM-1~SSPCM-5. It can be observed that there
are certain gaps between the kaolin layers, and the PA is tightly adsorbed between their layered structures. Due
to its abundant fibrous structure, MWCNT are easy to intertwine and interweave with each other. When
combined with PA, their intertwined structure can effectively encapsulate the PA molecules. As the content of
the matrix increases, the overall structure of SSPCMs tends to become more dense. The matrix builds a
continuous three-dimensional thermal conduction network through its layered and fibrous structures, providing
an efficient heat transfer path and significantly enhancing the thermal stability of the material. MWCNT play
the role of a bridge between PA and layered kaolin, closely binding the components together, thereby forming
an efficient three-dimensional heat transfer channel. From the SEM images (Figure 4d-h), no severe
agglomeration of MWCNT is observed in all samples. MWCNT are uniformly dispersed in the kaolin/paraffin
matrix and interweave with each other to form a continuous three-dimensional thermal network. Only slight
local entanglement appears at 10 wt% MWCNT, without forming compact agglomerate bundles. The good
dispersion ensures the steady linear increase of thermal conductivity with MWCNT content (Figure 8), and no

performance stagnation caused by agglomeration is found. Meanwhile, the uniform dispersion guarantees

excellent homogeneity and experimental reproducibility.
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Figure 4. SEM photos of (a) PA (b) kaolin (c) MWCNT (d) SSPCM-1 () SSPCM-2 (f) SSPCM-3 (g) SSPCM-4 (h) SSPCM-5.
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3.3. Chemical compatibility analysis

The chemical compatibility between PA and kaolin is of great significance for the performance of the
composite material. Fig. 5 shows the FT-IR spectra of PA, kaolin, MWCNT, and SSPCM-1~SSPCM-5 within the
wavenumber range of 450 - 4000 cm™'. From Figure 5, it can be seen that the infrared spectrum of PA shows
typical absorption peaks at 721 cm™, 935 cm™, 1295 cm™, 1693 cm™, 2848 cm™, and 2914 cm™, which correspond
to the rocking vibration peaks of -CH, groups, the bending vibration peaks of -CH, and -CH; groups, and the
stretching vibration peaks of -CH, and -CH; groups [33]. The infrared spectrum of kaolin shows two
characteristic absorption peaks at 834 cm™ and 1099 cm™, corresponding to the bending vibration peak of Al-
OH and the broad stretching vibration peak of Si-O-5Si [34]. The spectrum of MWCNT shows a characteristic
peak at 2735 cm™ attributed to the stretching vibration of C-H bond [35]. In the infrared spectra of
SSPCM-1~5SPCM-5, only the characteristic absorption peaks of PA, kaolin, and MWCNT are observed, and no
new chemical bonds are detected. Thus, the synthesis process of this type of stable phase-change material

belongs to a physical mixture process and no chemical reaction occurs.
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Figure 5. FT-IR patterns of PA, kaolin, MWCNT, SSPCM-1, SSPCM-2, SSPCM-3, SSPCM-4, and SSPCM-5.
3.4. Phase change process of SSPCMs

DSC is an important analytical method used to determine the heat storage capacity and phase transition
temperatures of materials. Figure 6 shows the DSC heat absorption and release curves of PA and the phase
change materials formed by combining PA with five different matrix ratios. Table 2 further summarizes the key
parameters reflecting the phase transition process in the DSC curves.

The DSC analysis results indicate that the DSC curves of SSPCMs and pure PA are highly similar. The
melting point of pure PA is 54.18°C. The melting points of SSPCM-1 to SSPCM-5 are 53.72 °C, 53.7 °C, 53.8 °C,
53.81 °C and 53.86 °C, respectively, which are slightly lower than that of pure PA, It might be that the addition
of the matrix weakened the intermolecular forces of the PA, making it easier for the PA molecules to break away
from the crystal structure, and thus the melting point decreased slightly [36]. Indicating that the introduction
of the matrix has a slight impact on the melting point.

During the melting and solidification processes, SSPCMs shows only one phase transition peak, which is
consistent with that of pure PA. In addition, the peak temperatures of heat absorption and release of pure PA
are higher than those of SSPCMs, which may be attributed to the hindrance effect of the matrix material on heat
conduction, thereby affecting the kinetic behavior of the phase transition process [37]. The phase transition
behavior during the heat absorption process, as one of the key parameters, is an important basis for evaluating
the heat storage performance of SSPCMs.
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Figure 6. DSC curves of PA, SSPCMs for the (a) melting and the (b) freezing process.

Table 2. Phase transition results for PA and SSPCMs.
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Start-temperature Ts («C) ~ End-temperature Te (*C)  Latent heat AH(J/ g)

Samples Melting/Freezing Melting/Freezing Melting/ Freezing
process process Process

PA 54.18/54.17 60.21/48.79 253.2/248.1
SSPCM-1 53.72/53.72 60.17/48.5 174.6/174
SSPCM-2 53.7/54.19 59.32/49.63 166.1/165.5
SSPCM-3 53.8/53.81 59.29/52.86 162.7/160.6
SSPCM-4 53.81/54.11 59.49/49.82 159.1/157.5
SSPCM-5 53.86/54.18 59.2/50.34 154/152.6

As shown in Table 2, the latent heat of phase transition of SSPCMs is lower than that of pure PA. This is
mainly due to the fact that kaolinand MWCNT did not undergo phase transition during the process of absorbing
and releasing heat, while only PA in SSPCMs underwent phase transition. Moreover, as the content of the matrix
increases, the mass proportion of the PCM decreases accordingly, resulting in a decrease in the overall latent
heat of phase transition of SSPCMs. To evaluate the difference between the experimental values and theoretical

values of SSPCMs, the following calculation formula is used for comparison:

AH =yAH ., M

where AH represents the latent heat of phase transition of SSPCMs, 1 represents the mass fraction of the
phase change material in SSPCMs, and AHpcy is the melting enthalpy value of PA. Figure 7 shows the
experimental measured values and theoretical calculated values of SSPCMs. It can be seen that the measured
heat absorption of SSPCMs is slightly lower than the theoretical value, it is possible that the arrangement of
the PA molecules around the substrate has changed, thereby altering the local steric hindrance [38]. Overall,
the actual heat storage performance of SSPCMs is close to the theoretical expectation and possesses good thermal

energy storage capacity.
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Figure 7. Comparison of the measured and theoretical enthalpies for the SSPCMs.

3.5. Thermal performance of SSPCMs

191



Journal of Ovonic Research, 2026, 22, 3

PA  SSPCM-1SSPCM-2SSPCM-3SSPCM-4SSPCM-5

Figure 8. Thermal conductivity of PA and SSPCMs with different kaolin and MWCNT contents.

In addition to the heating and melting temperatures, the thermal conductivity of energy storage materials is
also an important factor for evaluating energy storage performance. Since the main heat transfer mode of
SSPCMs is conduction, the high thermal conductivity of SSPCMs can complete the energy storage and release
processes more quickly and store more energy. PA has a high potential thermal performance, but its thermal
conductivity is relatively low, typically ranging from 0.2-0.4 W/(m-K). The thermal conductivity of SSPCMs was
measured using a thermal constant analyzer. Figure 8 shows the thermal conductivities of PA and SSPCMs.
The thermal conductivities of PA, SSPCM-1, SSPCM-2, SSPCM-3, SSPCM-4 and SSPCM-5 are 0.3759 W/(m-K),
0.4272 W/(m-K), 0.8438 W/(mK), 1.3385 W/(m-K), 1.6105 W/(m-K) and 1.88 W/(mK), respectively. The thermal
conductivity increases gradually, indicating that no obvious agglomeration of MWCNT occurs in the composite,
which is consistent with the microstructure analysis of the composite in Figure 4.The predicted thermal
conductivity of SSPCM-5 is capable of reaching 2 W/m-K. This deviation between the predicted and measured
values is presumably ascribed to the partial agglomeration of multi-walled MWCNT induced by the increased
MWCNT content, which further results in a relatively lower thermal conductivity in practical measurements.
Minor numerical discrepancies are observed in the measured thermal conductivity of SSPCMs. Such
discrepancies are presumably ascribed to the measurement being conducted in an open atmospheric
environment, where no thermal insulation treatment was applied to the surface of the composite samples. It is
therefore recommended that subsequent measurements be carried out under isothermal conditions to guarantee
the stability and accuracy of the test results. Recent studies showed that single addition of MWCNT in stearic
acid could only increase thermal conductivity to about0.83 W/m-K [39]. In this work, the thermal conductivity
of SSPCM-5 is 5 times that of PA. This is because MWCNT have higher thermal conductivity than PA, forming
better heat transfer channels and networks in SSPCMs. Moreover, as the content of the matrix skeleton increases,
the thermal conductivity of SSPCMs also increases.

In the experiment, sapphire was used as the reference material, and the specific heat capacity (CP) of the
material in the solid and liquid states was measured by the differential scanning calorimeter. According to Figure
9, regardless of whether it is in the solid state or the liquid state, Cp shows slight fluctuations with temperature,
and shows more significant changes near the phase transition region. Table 3 presents the equation derived
from fitting the Cp curve using Origin software, demonstrating a quadratic functional relationship between

temperature and specific heat capacity.
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Figure 9. Specific heat capacity of PA and SSPCMs before and after phase change.

Table 3. Correlation of specific heat capacity of PA and SSPCMs.

Sample States Cp(J/g°C)
PA Solid 53252.74881-53250.77378/(1+exp.((T-67.08659)/1.45386))
Liquid 2.14359+11.23725/(1+exp.((T-59.95514)/0.34364))
sspenry | SOlid 23135.71026-23133.85184/(1+exp.((T-76.01127)/2.56263))
Liquid 2.05302+10.87213/(1+exp.((T-59.76714)/0.36758))
sepeniy SOl 22070.5819-22068.65784/(1-+exp.((T-81.20826)/3.14839))
Liquid 2.08398+10.18501/(1+exp.((T-58.98687)/0.32892))
sspens | SoNd 11653.19366-11651.25966/(1+exp.((T-89.11308)/4.37843))
Liquid 2.21737+12.87958/(1+exp.((T-58.84635)/0.34323))
sspenig SOl 1969.41382-1967.84514/(1+exp.((T-86.17167)/5.06777))
Liquid 1.81509+12.63668/(1+exp.((T-59.01689)/0.3787))
Solid 1383.08467-1381.31003/(1-+exp.((T-81.71431)/4.76116))
SSPEM-> Liquid 2.01851+12.94222/(1+exp.((T-58.73537)/0.3593))

Figure 10 shows the energy storage density of PA and SSPCM-1~5SPCM-5. Within the temperature range
of 25 to 70 °C, the energy storage density can be calculated and represented by Equation (2):
0= CdT+at+[ Cdr
‘ @
where Cs represents the solid-state specific heat capacity of SSPCMs, C; is the liquid-state specific heat
capacity of SSPCMs, T, is the temperature at which the phase transition begins, T, is the temperature at which
the phase transition ends. AH is the latent heat of phase transition of SSPCMs.

As shown in Figure 10, the energy storage density of the composite material gradually decreases with the
increase in the content of the matrix (SSPCM-1 (258.3 J/g) > SSPCM-2 (248.4 J/g) > SSPCM-3 (242.4]/g) > SSPCM-4
(235.6 J/g) > SSPCM-5 (226.4 J/g)). This phenomenon can be attributed to the decrease in the latent heat of phase
transition of the composite material due to the increase in the content of the matrix (Table 2). Since the specific
heat capacity of kaolin and MWCNT is lower than that of PA, and the latent heat of the composite material is
entirely derived from PA, when the content of the matrix increases, the proportion of PA decreases relatively,

thereby causing the energy storage density of SSPCM to decrease accordingly.
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Figure 10. Thermal energy storage densities of composites as a function of PA and SSPCMs.
3.6. Potential application in thermal energy storage device

3.6.1 Physical model and computational domain

As shown in Figure 11(a), this study designed a vertical shell-and-tube LHTES device unit. This LHTES
unit is mainly composed of two concentric cylinders, with a total length of 400 mm. The inner layer is a stainless
steel tube with a diameter of 15 mm and a wall thickness of 2.5 mm; the outer layer is an acrylic shell with a
diameter of 44 mm. On the outer surface of the stainless steel tube, 56 ring-shaped fins with a height of 10 mm
and a thickness of 0.257 mm are uniformly arranged. The heat transfer fluid ( HTF) is water, which is injected
from the top, and the inlet temperature is set at 80°C. The flow velocity of the heat fluid is constant at 0.01 m/s,
which is based on the research results of Longeon et al., aiming to ensure effective heat transfer for a long time
in the shell-and-tube heat exchanger (based on the Reynolds number calculated from the pipe diameter, it is
lower than 2300), thereby ensuring that the fluid is in a laminar state within the pipe. The initial temperatures
of the SSPCMs and the LHTES device are uniformly set at 25°C. After the heat fluid is injected into the system,
continuous convective heat transfer occurs between the HTF and the solid phase change material, with heat
being conducted through the ring-shaped fins to the composite material and ultimately stored in the SSPCMs.
Considering that the model has axisymmetric characteristics, to reduce computational resource consumption,
the model is simplified to half of the two-dimensional computational domain, as shown in Figure 11(b). At the
same time, five monitoring points along the axial direction are selected for temperature collection, ensuring that
these points are not located in the fin area, so as to facilitate the subsequent calculation and analysis of the liquid
phase ratio(Figure 11(c)). The five points are 10mm away from the outer surface of the stainless steel. P3 is at
the center, P1 is 150mm away from the center, P2 is 75mm away from the center, P4 is symmetrical to P2, and

P5 is symmetrical to P1.
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Figure 11. (a) Schematic of the shell-and-tube LHTES unit with annular fins; (b) computational domain;(c) Sampling

points.

3.6.2 Control equations and boundary conditions

During the heat transfer process of composite materials, the main heat transfer mechanism is heat
conduction. To facilitate model analysis, the following assumptions are proposed in this paper:

(1) SSPCMs have continuity, isotropy and homogeneity;

(2) Due to the stability of the material structure, the volume changes that occur during the phase transition
can be ignored

For the outer surface, although the thermal conductivity of plexiglass is relatively low (0.2 W/m'K), there
is still inevitable heat loss. This heat loss is mainly transferred through natural convection between the outer
surface of the plexiglass and the surrounding air. The natural convection heat transfer process can be estimated

using the following empirical formula [40]:
=hA(T, - T,
Q ( w e) (3)
where A represents the surface area of the organic glass, Tw and T, are the temperatures of the organic
glass surface and the ambient air respectively, and & is the natural convection heat transfer coefficient, which
is estimated through empirical correlation formulas:

1
h= @(GrPr)“
D

4)

where k represents the thermal conductivity of air, and D is the characteristic dimension.
Based on the above assumptions, the phase change process of the composite materials in the thermal energy
storage device was analyzed, and the governing equations are as follows.

For HTF: The fluid flow and convective heat transfer are determined by the following equations:

V-u=0 ()
ou N .
Purr 8_ T Purr (uNu =-\P+ Hurr Vu
4 (6)
o uNT =V (k
Purr CpH“ E—FPHTFCpHH, uN =V Ckyp: VT ”
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For PCM, the energy equation is:
P _ g kv
o (®)
where purr,Courr and kurr represent the density, specificheatand thermal conductivity of HTF, respectively,
while T represents the temperature of HTF; p,, k. and T represent the density, thermal conductivity and
temperature of the composite material, respectively, and t represents time. H is the total enthalpy of the

composite material, which is composed of finite enthalpy (/) and latent heat enthalpy (Ah).
H=h+Ah 9)

T
h=hy =+ _cdr

(10)
Ah = pL 11)
0 if Toens <7,
f= % if T, <TPCM <T,
1ty
1 if Toers > T, (12)

where h,s ,T.s , and C; represented the reference enthalpy, reference temperature, and specific heat of
composite SSPCMs, respectively. L denoted the latent heat of SSPCMs, and f denoted the liquid fraction
ranging from 0 to 1. TPCM , T, , and T, was the temperature, melting temperature, and solidification
temperature of PCMs, respectively.

Based on the above assumptions and the simplified computational domain, this study uses the commercial
software ANSYS-Fluent based on the finite volume method (FVM) to solve the governing equations for the
problems involving moving boundaries and transient heat transfer. The initial temperatures of the HTF, PCM,
and heat transfer tubes are all 25 “C. Hot water with a temperature of 80 °C and a flow rate of 0.01 m/s flows
from the top inlet, and the left wall of the computational domain is set as an axisymmetric boundary. The
pressure and velocity coupling uses the semi-implicit pressure-velocity coupling algorithm (SIMPLE), the spatial
discretization of the pressure term adopts the PRESTO! format to improve numerical accuracy and avoid
interpolation errors at the boundaries and the standard discretization assumption for pressure gradients; the
momentum equation and energy equation are discretized spatially using the second-order upwind scheme. The
convergence criteria for the continuity equation, momentum equation, and energy equation are set as 10-3, 10-
3, and 10-6 respectively. The inlet boundary condition is set as a velocity inlet, and the outlet boundary condition
is set as a pressure outlet.

To eliminate the influence of mesh quantity on the phase change process, a mesh independence verification
was carried out.Four different mesh numbers were adopted for the verification, namely 18462, 59282, 222038
and 392048.Table 4 presents the liquid fraction, HTF outlet temperature at 1000 s, and the complete melting time
under different mesh quantities and time steps. To ensure the calculation accuracy while also considering the
computational efficiency, the final determined number of meshes is 221,087, and the time step is 0.1 s. To verify
the reliability of the numerical model, the simulation results are compared with those in reference [41], as
shown in Figure 12. The results show that the temperature change trend during charging is basically the same,
and the maximum error is less than 4.3%. Therefore, the numerical model adopted in this study has a high
degree of credibility.
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Table 4. Verification of grid size and time step.

Outlet
Mesh number Time step (s) Melting time (s) . Liquid fraction
temperature(°C)
59282 0.5 6325 48.3 0.382
184624 0.5 6407 50 0.371
222038 0.5 6489 50.2 0.364
392048 0.5 6523 50.3 0.36
222038 0.1 6521 50.5 0.362
222038 0.05 6539 50.5 0.36
55
50 e
~45F ll V
é »
E 40t H
%35 L _.'
= npgao?® s
30F  gaw® 2
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Time(s)

Figure 12. Comparison with the experimental results in the literature [41].

3.6.3 Charging and discharging performance

To quantitatively analyze the temperature evolution characteristics of SSPCMs during the charging process,
Figure 13 shows the temperature change process at the selected monitoring points in the radial direction. The
temperature change trends of the five materials at different points are basically the same. Taking SSPCM-1 and
SSPCM-5asexamples, asshowninFigure 13 (a) and (b). The temperature evolution curve canbe divided into three
main stages: the first stage is the heat storage process of the solid composite phase change material, the second
stage is the phase change process from solid phase change material to liquid phase change material, and the
third stage is the heat storage process of the liquid phase change material. The heat transfer process is essentially
driven by the temperature gradient. As the heat storage process progresses, due to the gradually increasing
temperature of SSPCMs, the temperature difference between HTF and SSPCMs keeps decreasing, thereby
weakening the driving force of heat transfer. Therefore, the heating rate in the second stage is significantly lower
than that in the first stage. In addition, the temperature rise curves of each monitoring point along the flow
direction of HTF also show certain differences. Compared with monitoring point 1, the temperature rise curves
of monitoring points 2, 3, 4, and 5 have a certain lag, and their temperatures are always lower than that of
point 1. The temperature at 2-5 o'clock always decreases gradually as the altitude decreases. This phenomenon
may be attributed to the heat exchange between the high-temperature HTF and the composite phase change
material during its downward flow from the top: in the flow direction, the upper PCM first exchanges heat with
HTF, and then the hot fluid continues to flow downward and exchanges heat with the middle and lower PCM.
Due to the fact that the upper PCM has absorbed some heat, the HTF temperature decreases, thereby
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reducing the heat transfer driving force in the middle and lower regions, making their heat transfer efficiency

relatively lower.
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Figure 13. Temperature evolution history of selected points: points along HTF flow direction at (a) SSPCM-5 and (b)
SSPCM-1.
Figure 14 shows the temperature distribution of SSPCM-1-SSPCM-5 at 1000 s, 2000 s, 3000 s and 4000 s. It

clearly reveals the heat transfer process inside the energy storage latent heat device. It can be seen that the high-
temperature area gradually expands over time. This phenomenon is characterized by heat first being transferred
in the upper region, then spreading to the middle and lower regions. Meanwhile, the energy storage process of
SSPCM-5 gradually approaches completion over time, and is basically fully charged at 2181 s. However, due
to the convective heat transfer effect of the glass wall surface always present, as the system operation time
increases, the temperature difference between the HTF and the wall surface gradually increases, thereby

resulting in a corresponding enhancement of convective heat transfer intensity.
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Figure 14. Temperature distribution contour maps of (a) SSPCM-1, (b) SSPCM-2, (c) SSPCM-3, (d) SSPCM-4 and (e)
SSPCM-5 at 1000s, 2000s, 3000s, and 4000s.

To quantitatively characterize the heat storage process rate of SSPCM-1 to SSPCM-5, the thermal
performance under the condition of enhanced heat conduction by the annular fins was evaluated using the
temperature response rate (R(t)) during the charging process. The mathematical expression is as follows:
T(t)-T(,)

At (13)

where T(t) and T(t-;) represent the temperatures at time t; and t; respectively, and At represents the

R(t) =

time interval between the two times. To evaluate the temperature response rate, the fixed monitoring point in
SSPCMs was selected for analysis. Among the 5 fixed monitoring points, the temperature change trend of each
material was the same. Taking point 3 as an example, the temperature changes of SSPCM-1 to SSPCM-5 are
shown in Figure 15(a). It can be seen that the temperature change trends of the five composite materials are
basically the same, among which SSPCM-5 reached the thermal stable state the earliest.

Since R(t) is a function of time, it cannot be directly used to quantify the heat transfer performance during
the melting stage. Therefore, the integral average value of R(t) over the entire melting process is adopted for its

quantitative evaluation.
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"Ry

0

L (14)

where t;, represents the complete melting time. It can be seen that the average response rate increases with
the increase in the matrix content, and reaches its maximum in SSPCM-5. Recent studies mostly focused on fin
structure optimization and single parameter analysis [42], lacking the combination of high-performance
composite PCM and device simulation. This work combines material development with numerical simulation,
proving that increasing MWCNT content can effectively shorten energy storage time and improve thermal
response rate. The complete melting time of SSPCM-5 is significantly reduced compared with SSPCM-1, which

provides a direct reference for material-device matching design in latent heat thermal energy storage systems.
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Figure 15. (a) Temperature evolution history of a given point (P3) for SSPCM-1-SSPCM-5; (b) response rate for finned
LHTES with SSPCM-1-SSPCM-5.

4. Conclusion

This study used kaolin and MWCNT as the base materials and mixed them with PA to prepare SSPCMs.
The modification effects of MWCNT and kaolin on the properties of PA were systematically investigated, and
the leakage performance, chemical compatibility, and thermal physical properties (such as phase change
temperature, phase change latent heat, and thermal conductivity, etc.) of SSPCM were analyzed. In addition,
numerical simulation studies were conducted on the composite materials used in the latent heat energy storage
device units. The main research results are as follows:

After introducing MWCNT into the PA-kaolin composite system, the structure of the composite material
is more stable, and the microstructure changed significantly.

The addition of MWCNT can effectively improve the thermal conductivity of the material, and the
chemical compatibility of the system remains good. When kaolin and 10% MWCNT are added together, the
composite material has almost no leakage, and the melting point changes very little. Compared with pure PA,
its thermal conductivity is increased by 4 times, the specific heat capacity and enthalpy value slightly decrease,

and the energy storage density reaches 226.4 J/g, which is highly consistent with the theoretical enthalpy value

and energy storage density.
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Due to the excellent thermal stability and thermal conductivity of SSPCM, the energy storage process in
the energy storage device is significantly accelerated, and the energy storage speed also increases with the
increase in the content of the base material. In summary, SSPCM is a high-performance energy storage and
thermal conductive composite material, and has broad application prospects in building energy conservation,
industrial waste heat recovery, and environmental protection fields. Nevertheless, the present study still has
certain limitations. The long-term thermal cycle stability and practical operational performance of the SSPCMs
remain to be further verified and evaluated. In addition, simplified boundary conditions were employed in the
numerical simulation process, and the complex variable operating conditions in actual engineering scenarios
were not incorporated into the simulation model. Future research will focus on conducting systematic long-
term cyclic performance tests and establishing more realistic numerical models that are consistent with practical
operating conditions, thereby facilitating the extensive application of such composite phase change materials

in actual engineering practices.
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