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Phase change heat storage technology can provide effective solutions for tem-
poral and spatial mismatch in the utilization of industrial waste heat and achieve
efficient heat transportation. However, in view of the diverse characteristics of
industrial waste heat, it is urgent to conduct research on the utilization of waste
heat at different temperatures. Building upon existing theories, this paper in-
novatively establishes a numerical model for multi-melting-point phase change
heat storage materials (PCMs), taking into account both temperature of the
heating surface and melting points of the heat storage materials. The melting
process of the selected materials was simulated and the results were discussed.
The coupled thermal performance of different heating surfaces and melting point
temperatures was quantitatively clarified based on the analysis of the results of
numerical models. The research results show that different heating surfaces have
remarkable influence on the melting efficiency. At the melting point of 50 °C,
under the heating surface at 75 °C, the complete melting time is only 3360 sec-
onds, which is 31% of the complete melting time when using a heating surface at
60 °C. Furthermore, when the heating surface temperature reaches a certain
level, the influence brought by melting point gradually diminishes. Evolution
diagrams of the temperature field visually demonstrates the positive correlation
between the intensity of natural convection and the heat transfer temperature
difference. Finally, it was found that latent heat mainly determines the heat
storage capacity of PCM and choose materials with appropriate melting points
can improve the heat storage rate. By conducting research on the new type of heat
storage device with multiple heating surfaces and multiple melting points, this
study provides guidance for optimizing the heat utilization efficiency in practical
engineering applications.
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Introduction

Given the non-renewability and environmental hazards of fossil energy, industrial
waste heat [1] and other residual heat resources have received increasing attention [2]. How-
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ever, industrial waste heat has the characteristics of intermittency and difficult transportation
[3]. Therefore, thermal energy storage technology is usually applied in practical engineering
to achieve the effective utilization of waste heat.

At present, the commonly used heat storage methods include sensible heat storage
[4], latent heat storage [5], and chemical energy storage [6]. Taking both safety and econo-
my into consideration, latent heat storage is frequently applied in the reuse of industrial
waste heat. Gioanola et al. [7] utilized a new pillow-type phase change thermal storage sys-
tem through a dual-model collaborative design, providing a highly precise and
cost-effective solution for large-scale industrial thermal storage. Nyallang Nyamsi et al. [8]
designed a metal hydride dual-tank thermochemical energy storage device with PCM jacket.
Their research verifies that the coordinated optimization of the PCM’s thermal conductivity
and melting point is the key to achieving efficient waste heat recovery. Yang et al. [9] de-
signed a stepped latent heat device which provides key technical support for decarboniza-
tion of building heating.

Although PCMs are widely used in industrial waste heat (IWH) recovery and reuse,
there are still issues such as heat balance [10] and heating matching [11]. In response to this, some
scholars have conducted research on the melting properties of different PCMs (melting points and
materials). Hu ef al. [12] evaluated the application of a composite heat storage system composed
of sodium acetate trihydrate and water in waste heat heating. The water-PCM system demonstrates
good potential for off-peak electricity/solar energy heating applications. Yan and Mu [13] innova-
tively developed a binary PCM. It has the characteristics of a small supercooling degree and stable
thermal performance, and can efficiently recover low-temperature industrial waste heat. Marri et al.
[14] conducted experiments and numerical studies to investigate the influence of phase transition
temperature on the melting efficiency of PCM-based heat sinks. They used three types of PCM
with phase transition temperatures and found that the performance of PCM heat sinks with a high-
er phase transition temperature could be up to 2.25 times higher.

Furthermore, different heating temperatures also have corresponding effects on the
heat storage performance of the PCMs [15]. Yang et al. [16] conducted experiments on
wax-copper foam composite materials and found that an increase in the temperature of the
heat transfer fluid (HTF) significantly enhanced the heat storage performance of the PCM by
increasing the heat transfer temperature difference and strengthening the conduc-
tion/convection mechanism. However, it should be noted that the benefits diminish at high
temperatures. Zheng and Wang [17] used numerical calculation model of PCM natural con-
vection to reach the conclusion that when the temperature of the heat carrier fluid exceeds a
certain range, the effectiveness of increasing the heat source temperature will weaken. Mo-
saffa et al. [18] analyzed the influence of the base temperature/heat flux of the fin under three
boundary conditions on the solidification rate and temperature field. A decrease in the base
temperature of the fin (e.g., from 14 °C to 7 °C) can increase the solidification rate by more
than 40%, providing critical parameter thresholds for industrial design.

Based on the existing research results, it has been clearly pointed out that for differ-
ent types of industrial waste heat recovery, further in-depth studies on the adaptability of
PCMs with different melting points are needed. At the same time, the melting performance of
PCMs under various thermal conditions still lacks comprehensive and systematic exploration.
Therefore, in this study, an innovative numerical model of multi-melting-point phase change
heat storage materials was constructed. Focusing on key parameters such as complete melting
time, temperature field distribution, phase interface evolution, and heat storage capacity, the
performance of heat storage devices in industrial waste heat utilization was systematically
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studied, providing more targeted reference value for the precise matching of different melt-
ing-point heat storage materials in practical engineering applications.

Methodology

Problem description and physical model

The phase change heat storage (PCHS) devices can be used in the recovery and uti-
lization of IWH. As shown in fig. 1, the process of industrial waste heat being transported
from the factory to residents through a box-shaped heat storage device mainly consists of
three parts: IWH recovery, PCHS device, and IWH utilization. The high temperature IWH,
after passing through the heat exchanger, generates a heat fluid of suitable temperature, which
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Figure 1. Schematic diagram of the principle of heat storage and recovery,
transportation, and reuse in auxiliary heating of the building
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Figure 2. Physical model of phase change heat used in parallel, a single phase change res-
storage; (a) schematic diagram of ervoir was selected for characterization,

the PCHS device and (b) 2-D numerical model

(length: 100 and width: 50) and the heat storage model is shown in fig.

2. In fig. 2(a), the thermal fluid of the
PCHS device flows on the left side, while the PCM is on the right side. According to the
model properties, it is simplified to a 2-D model as shown in fig. 2(b), with a model size of
20 mm x 50 mm. Wax is selected as the PCM, and its properties are as shown in tab. 1. To
study the utilization of IWH under different temperatures, we used different melting points
of PCM for matching and investigated the melting performance of the device. The research
case is shown in tab. 2.
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Mathematic model

To solve the numerical model, this study used COMSOL 6.2.0.290 to build the
model and conduct the solution. The main assumptions are [19]:
— The material properties do not change with temperature, and it is assumed that the material
is uniformly filled. The settings are as shown in tab. 1.
— During the phase transformation process, the volume changes of the material are ignored.
— Ignoring the undercooling of the material, the melted material is assumed to follow the
Boussinesq hypothesis.

Table 1. The thermal physical properties of PCM
(including both solid and liquid phases)

Material Melting  |Specific heat Thermal . Coefficient of . .
properties | temperature | capacity Leicniiees conductivity Density thermal expansion VRSB0
Unit K J/kgK J/kg W/mK kg/m? 1/K Pa-s

2400(s)/ 05 800(s)/
Value  [323.15-327.15 3200(1) 2.40 x10% | 0.2(s)/0.1(1) 800(1) 0.0058333 0.00689

Table 2. Numerical model case;
case-heating wall [°C] and melting point [°C]

Heating wall,

i . Heating wall, Case Heating wall, Case Heating wall,
Melting point

Ok Melting point Melting point Melting point

Case

Case A-1 60, 30 Case B-1 65, 30 Case C-1 70, 30 Case D-1 75, 30

Case A-2 60, 35 Case B-2 65, 35 Case C-2 70, 35 Case D-2 75,35

Case A-3 60, 40 Case B-3 65, 40 Case C-3 70, 40 Case D-3 75, 40

Case A-4 60, 45 Case B-4 65,45 Case C-4 70, 45 Case D-4 75,45

Case A-5 60, 50 Case B-5 65, 50 Case C-5 70, 50 Case D-5 75, 50

Case A-5 60, 50 Case B-5 65,50 Case C-5 70, 50 Case D-5 75,50

Melting is a process that changes over time thus transient numerical simulation is
required. After constructing the model, the solution is obtained by solving the control equa-
tions eqs. (1)-(11):

pcpuVT—i—V(qL,+qr):ﬂT(%+quj+T:Vu+Q )]

The numerical model used to solve the flow field [20] in egs. (2) and (3). An addi-
tional item needs to be introduced, S(T)u, to simulate the transitional zone between the solid
phase and the liquid phase:

pPVu=0 ()



Song, X.: Research on the Performance of Heat Storage Devices under ...
THERMAL SCIENCE: Year 2025, Vol. 29, No. 6A, pp. 4513-4525 4517

pz—t:+p(uV)u:V[—pl+,u(Vu+(Vu)T)J+FB—S(T)u 3)

The buoyancy force, Fg, causes natural convection. Its value is calculated using the
Boussinesq eq. (4). The rationality of the application of this equation has been explained in
the model assumptions:

F; = *plﬂg(T*Tpc) “)

The phase transition is characterized by the melting fraction, ¢, according to eq. (5). The
parameter phase transition temperature range, A7), defines the extent of the transition region:

AT,
p(T)=0 for T<T, —

2
AT,
A -
" 2 ) et A pp (AT )
or = <l < +
AT be 2 pe 2

pc

o(T) =

AT,
p(T)=1 for T<T, + 3

Equation (6) defines the additional source term, S(7), which includes the
Kaman-Chozeni relationship, referring to the flow resistance term in the turbid zone. Among
the numerical modeling, the key coefficient of the fuzzy zone, 4,,, plays a decisive role in the
calculation results. The constant, £ = 0.001, can prevent the occurrence of division-by-zero
errors when is present:

2
S(TY=4, m (6)
o(T) +&

The melting fractions of the solid region and the transition region, ¢(7) < 1, which
will result in a larger source term, S(7), depend specifically on the value of the amorphous
zone coefficient, A,,. Therefore, the fluid-flow in the solid region is completely blocked, while
the flow in the transitional region between the solid and liquid phases will be weakened.

The phase change physical model is implemented according to [21] using custom
functions and material properties. Through the custom functions, the physical parameters of
solid and liquid PCM as well as the flow characteristics in the transition zone are described.
The melting fraction, ¢(7), is used to characterize the temperature-dependent material proper-
ties: The density, p(7), is obtained according to eq. (7), and the thermal conductivity, A(7), is
determined similarly based on eq. (8):

p(T)=p,+(p,—p,)p(T) (7
MTY= 2, +(4 =4 )p(T) (3

To define the viscosity, p(7), related to the phase, in addition to using the source
term, S(7), an auxiliary constant, & = 1 m?, was introduced, as shown in:
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(1) = p, +S(T)g €)

The heat capacity method defines the phase transition by using the corrected specific
heat capacity. The latent heat is a characteristic quantity of the phase transition. Here, the
Gaussian function of eq. (10) is adopted, which is centered around the phase transition tem-
perature, T).:

(10)

Calculate the corrected specific heat capacity, cp(T), based on eq. (11) to maintain
energy balance during the process:

c,(N=c,, +o(T)(c,,—c,,)+LD(T) (11)

Initial conditions and boundary conditions

To ensure the uniformity of the model, we set the boundary conditions and initial
conditions as:
— The initial temperature of the PCM and the ambient temperature are both 25°.
— The heating boundaries were set at 60 °C, 65 °C, 70 °C, and 75 °C according to the simu-
lation cases, while the other boundaries were regarded as adiabatic.

Verification

To ensure the accuracy of the calculation results and the efficiency of resource utili-
zation, we conducted the grid independence verification for the spatial distribution of the
melting rate in Case A-2, using 10532, 22783, and 45952 computational units for comparative
analysis. The research results show that when the number of grids is increased to 22789 units,
the deviation of the calculation results from the high-precision benchmark model (45952 units)
is controlled within 2%, fig. 3(a). In contrast, the coarse grid model (10532 units) shows sig-
nificant errors, with a difference exceeding 8%, confirming that its resolution is insufficient to
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Figure 3. Independence verification; (a) grid numbers and (b) time step
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support reliable predictions. Therefore, 22783 units were determined to be the optimal grid
configuration that meets the accuracy requirements. In the verification of time step independ-
ence, we tested three time step settings: 0.25 seconds, 0.5 seconds, and 1.0 seconds. The ex-
perimental data showed that when using a 0.5 seconds time step, the accuracy was higher, and
it also effectively reduced the consumption of computing resources. Based on the above dual
verification results, the final combination scheme of 10532 computing units and 0.5 seconds
time step was established.

Results and discussion

Complete melting time

Figure 4 shows the complete melting time of the phase change heat storage mate-
rial under heating conditions of 60 °C, 65 °C, 70 °C, and 75 °C. It compares the PCHS effi-
ciency at melting point temperatures of 30 °C, 35 °C, 40 °C, 45 °C, and 50 °C. In fig. 4(a),
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Figure 4. Comparison of the complete melting time of
multi-melting-point phase change heat storage materials under
different heating surfaces; (a) 60 °C, (b) 65 °C, (¢) 70 °C, and (d) 75 °C
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the complete melting time of Case A-1 is the shortest, at only 1790 seconds. It is followed
by Cases A-2, A-3, and A-4, with Case A-5 being the last. Based on the case of a melting
point of 50 °C (tn = 10810 seconds), the complete melting times of the PCMs at 30 °C,
35 °C, 40 °C, and 45 °C were shortened by 83%, 77%, 67%, and 48%, respectively. Mean-
while, during the initial stage of the phase change heat storage process, the PCM is in a
solid state and mainly relies on conduction for heat transfer.

A large temperature difference is conducive to the continuous progress of the melt-
ing process, and the difference in melting rates among phase change heat storage materials
with different melting points gradually emerges. In the later stage of melting, due to the in-
crease in the amount of PCM in the liquid phase, the heat transfer process not only relies on
conduction but also is strongly influenced by natural convection.

In fig. 4(b), with Case B-5 as the reference (the complete melting time is 6170
seconds), the melting efficiencies of Cases B-1, B-2, B-3, and B-4 have increased by 75%,
66%, 55%, and 35%, respectively. Similarly, for Cases C-1, C-2, C-3, and C-4, the
charging time was reduced by 68%, 59%, 47%, and 29%, respectively, compared to Case
C-5. Among them, the charging time of Case C-5 was 4360 seconds. In Case D, Case D-1
was the fastest, taking 1270 seconds. This was a 62% reduction compared to Case D-5.
Furthermore, the difference in heat storage efficiency between the phase change heat
storage device with a melting point of 50 °C (the highest) and the one with a melting point
of 45 °C (the second highest) is gradually narrowing, and this is particularly evident in
Group D. Therefore, at lower heating temperatures, low-melting-point heat storage mate-
rials can be selected to improve the heat storage efficiency. In the high temperature heat-
ing area, the influence of the melting point temperature within the research range gradu-
ally decreases. In this case, it is advisable to choose appropriate phase change heat storage
materials for industrial waste heat recovery, providing theoretical value for practical en-
gineering applications.
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Figure 5. The 40 °C melting-point PCMs under various heating surfaces;
(a) phase interface evolution and (b)temperature field
(for colour image see journal web site)
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Interface and temperature field distribution

Figure 5(a) shows the phase interface evolution process of the 40 °C melting-point
phase change heat storage device at different heating surface temperatures (60 °C, 65 °C,
70 °C, 75 °C) at times ¢ = 100 seconds, 200 seconds, 400 seconds, 800 seconds, 1200 seconds,
and 2400 seconds (red: liquid paraffin; blue: solid paraffin). Overall, the interface forms a
funnel shape and continuously expands over time, eventually melting completely. At ¢ = 100
seconds, this is the initial stage of melting. Conduction dominates the heat transfer process,
and only the wax around the heating surface melted. The shapes of the phase interfaces under
the four heating surfaces do not differ much. From 200-800 seconds, the paraffin in the device
gradually melted, and the increase in the liquid PCM enhanced the natural convection effect
of the device, making the difference more obvious. Based on the funnel shapes of the phase
interfaces at different temperature differences, and the natural convection effect is the strong-
est at 75 °C. At the end of the charging stage, a refractory area appeared at the bottom of the
PCHS device, far from the heating surface. At 2400 seconds, the heat storage units with a
heating surface temperature of 70 °C and 75 °C had completely melted, the heat storage unit
with a temperature of 65 °C was basically melted, while the refractory area at the bottom was
larger and also the cause of the long heat storage.

To further visually analyze the impact of temperature difference on the melting per-
formance, fig. 5(b) presents the distribution of temperature for the 40 °C melting-point PCM
under different heating surfaces. Similarly, it can be observed that as the temperature of the
heating surface increases, the temperature of the entire heat storage device also rises. In the
temperature distribution, the temperature gradient is similar to the distribution of phase inter-
faces. There is a significant temperature difference between the solid and the liquid. Therefore,
there is natural convective heat transfer between molten paraffin and solid paraffin. From
200-400 seconds, in the molten wax, the high heat transfer temperature difference also led to
poor temperature uniformity. The top temperature of the high temperature heating surface was
higher, which was the reason for the rapid melting at the top of the heat storage device. At the
end of the melting process, due to the large amount of heat generated by the high-temperature
heating surface, the device completed melting first and entered the exothermic heat storage
stage, quickly achieving uniform temperature.

Figure 6(a) shows the distribution of the phase interface of the PCHS device at 65 °C
under different melting points (30 °C, 35 °C, 40 °C, 45 °C, 50 °C). Consistent with the time
scale in fig. 5 and similarly, in the initial stage of melting, heat conduction dominates. Later, the
increase in the amount of molten PCMs triggers natural convection, causing the interface to de-
velop asymmetrically into a funnel shape. This shape expands continuously over time and
eventually reaches the maximum melting degree. Based on the shape of the phase interface
funnel corresponding to different melting points, it can be observed that the PCM with a
melting point of 30 °C exhibits the strongest natural convection effect. This is attributed to
its lower melting point, which results in a greater temperature gradient in the molten zone at
the same heating temperature (65 °C), thereby enhancing the natural convection effect. At
the end of the melting process, the phase change heat storage device exhibits a region of
difficult-to-melt material at the bottom of the storage device, away from the heating surface.
By analyzing this phenomenon, it can be known that for high-melting-point materials, the
thermodynamic driving force (lift force) for driving natural convection at a given heating
temperature is relatively weak, which leads to a decrease in the heat transfer efficiency in
the bottom area.
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Figure 6. The 65 °C heating surface phase change heat storage device at
different melting points; (a) phase interface evolution and (b)temperature field
(for colour image see journal web site)

Consequently, the temperature distribution characteristics within the PCM clearly
confirm the aforementioned differences in the intensity of natural convection. Figure 6
shows the temperature distribution of different PCMs with different melting points under a
65 °C heating surface, which is consistent with the selected time slice in fig. 6(b). The tem-
perature of the PCHS device rises as the temperature increases. For the temperature distri-
bution, the temperature gradient is similar to the distribution of phase interfaces. There is a
significant temperature difference between the solid and the liquid. The materials with
melting points of 30 °C and 35 °C achieved the fastest temperature uniformity. However, at
45 °Cand 50 °C, significant temperature boundaries emerged later due to the presence of
large areas with difficult-to-melt regions. For PCM with lower melting points, a larger
temperature difference in the heat transfer surface leads to a stronger natural convective
heat transfer effect. At the same heating surface temperature, the PCHS units with lower
melting points will have a higher melting efficiency. For materials with higher melting
points, the overall temperature distribution is relatively uniform and the temperature gradi-
ent is gentle. The temperature contour lines are relatively sparse, indicating that the thermal
boundary layer is thick, the natural convection is weak, and the heat transfer relies more on
the less efficient heat conduction mechanism.

Comparison of PCHS capacity

Based on the previous research results, to further discuss the impact of different
melting points on the PCHS capacity, we compared the complete melting time, heat storage
capacity and PCHS speed of the PCHS process at different melting points under a 65 °C
heating surface, as shown in fig. 7. During the complete melting period, the results are con-
sistent with those presented in fig. 4. Among them, the complete melting time of Case B-1 is
the shortest, while the longest is that of Case B-5. In terms of heat storage capacity, due to the
similarity in shape and material properties of the phase change heat storage devices. Further-
more, the sensible heat only accounts for one quarter of the total PCHS capacity, indicating
that the capacity of the PCM mainly lies in latent heat. Therefore, increasing the temperature
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of the heating surface has a relatively little influence on enhancing the heat storage capacity.
Hence, it is more important to focus on the heat storage rate. In terms of the PCHS rate, it was
found that the PCHS rate of Case B-1 was the highest, which was 2.9 times higher than that of
Case B-5.
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0 1000 2000 3000 4000 5000 6000 7000

Complete melting time
Case B-4 Heat storage
Heat storage rate

1000 1500
Heat storage [kJ]

0 500
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Heat storage rate [kJs ']

Figure 7. Comparison of heat storage capacity of
the heating surface under different melting points

Conclusions

In this research, we innovatively employed multiple sets of phase transition material
melting points and heating surface temperatures to investigate melting characteristics under
different heating conditions. Here are the main conclusions as follows.

e The melting rate of PCM is significantly influenced by both its melting point and the tem-
perature of the heating surface. A lower melting point can significantly shorten the charging
time, and the lower the temperature, the more pronounced this effect becomes. Among them,
the difference in the charging efficiency of the PCMs with different melting points under the
60 °C heating surface was the most significant.

e At the same melting point, the heat storage rate of the high heating surface is higher, and the
time difference for complete melting at different melting points under the high heating
surface is shortened. Under these conditions, heat storage materials suitable for the user's
melting point can be selected.

e The evolution law of the temperature field indicates that the intensity of natural convection
is dominated by the temperature difference of heat transfer, which in turn affects the mor-
phology of the interface and the melting efficiency.

e The heat storage capacity of phase change heat storage materials is mainly dominated by
latent heat. The increase in heating surface temperature has a limited effect on the total heat
storage capacity. Under a constant heating surface, a lower melting point material can be
appropriately selected to pursue an increase in the heat storage rate.

This article presents the heat storage performance of multiple heating surfaces at
different melting points, which can be applied in practical engineering guidance. However,
this paper only studied the melting phase transition process and did not set up a solidification
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group to form a control group, thus unable to comprehensively reflect the actual operating
performance of the cycle. Meanwhile, the application of the research results in actual indus-
trial systems still requires further verification through experiments. In the subsequent research,
we will add research on the solidification process and evaluate the cyclic working perfor-
mance of the phase change system. Furthermore, we will set more complex and comprehen-
sive material properties and boundary conditions to provide parameter threshold references
for industrial applications.
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