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ABSTRACT: The configuration of multiple heat sources within a latent heat thermal energy storage (LHTES) unit
directly influences the uniformity of the temperature field and profoundly affects the melting process of the phase change
material (PCM). To investigate the impacts of heating-element configurations on temperature field homogenization
and melting rate of paraffin in an LHTES unit, this study introduces a dimensionless scaling factor η (defined as
the ratio of the center-to-center distance between adjacent heating-element to the characteristic dimension of the
container) and establishes a theoretical model for the optimal spacing of heating-element based on the Stefan condition.
A combined approach of three-dimensional transient numerical simulation and experimental validation is employed
to study the impact of heating-element configuration on melting efficiency in a 2 × 3 rectangular cylindrical-heating-
element array. An experimental system with a measurement setup consisting of a 30-point thermocouple array and
an infrared thermal imager was constructed to test and compare the temperature fields under different heating-
element-distance Δs, respectively (Δs = 30, 60, and 90 mm). The results show that, under equal power input, the
unit achieves the shortest melting time at Δs = 60 mm, which is 3.4% and 5.4% shorter than that at Δs = 30 and
90 mm, respectively. A parallelogram array with a 45○ misaligned angle further reduces the melting time by 5.2%
compared to the rectangular array, Furthermore, an optimal scaling factor ηopt = 0.34 is obtained, which reduces
the melting time by 8.7% compared to the case of η = 0.30. This study employs an integrated experimental and
numerical approach to investigate how multiple heat-source configurations influence the melting process of phase-
change materials (PCMs). The experimental results agree well with the simulation results, with a maximum relative
deviation of 6.4%. This confirms the accuracy and engineering applicability of the numerical method, although some
experimental uncertainties—particularly fluctuations in local temperature distributions—were observed. This study
provides a quantitative basis for improving melting uniformity, and offers theoretical guidance to optimize structural
compactness and heating-element configuration in LHTES units, which demonstrates promising practical applicability.

KEYWORDS: Latent heat thermal energy storage; heating-element configuration; temperature field uniformity;
melting rate; optimal spacing

1 Introduction
The large-scale integration of renewable energy into the grid imposes increasingly stringent require-

ments on the peak regulation capability and operational flexibility of power systems. Latent heat thermal
energy storage (LHTES) technology has emerged as a promising solution owing to its high energy density and
nearly isothermal charging/discharging characteristics [1]. However, the inherent drawbacks of phase change
materials (PCMs), including low thermal conductivity, delayed onset of natural convection, and uneven
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melting caused by thermal field interference under multi-heat-source conditions, have severely hindered
the improvement of system power density and its practical engineering applications [2]. Currently, the core
challenge in relevant research lies in how to effectively accelerate the melting rate of PCMs and achieve
uniform temperature distribution, which is of great significance for the construction of efficient and reliable
energy storage systems.

To overcome the thermal performance bottlenecks of PCMs, researchers worldwide have conducted
systematic studies from the perspectives of structural design, flow regulation, and numerical modeling,
gradually elucidating the mechanisms underlying heat transfer enhancement and melting homogenization.
In terms of structural optimization, Pizzolato et al. [3] significantly increased the melting and solidification
rates in LHTES units through topology-optimized fin design; Zhao et al. [4] investigated the influence of
fin spacing on PCM melting rates and proposed optimized fin layouts, further validating the importance of
fin design in heat transfer. Kasper et al. [5] explored the coupling relationship between natural convection
and fin configuration, suggesting optimal fin spacing to enhance melting efficiency. Additionally, See
et al. [6] designed heat sink structures considering natural convection through topology optimization,
further revealing how natural convection promotes PCM melting rate. Meanwhile, other researchers have
continued to optimize the melting performance and thermal conduction efficiency of PCM. Wang et al. [7]
studied the thermal conduction effects of metal foam, topology-optimized fins, and their combinations,
finding that metal foam structures more effectively improved PCM melting rates compared to traditional
fins or combined structures, demonstrating significant heat transfer enhancement. In the broader context
of geometric configuration research, Junaid et al. [8] systematically investigated the effect of inclination
angle on the melting behavior of phase change materials (PCMs) by adopting a truncated double-cavity
model. Their findings indicated that the natural convection was significantly enhanced at an inclination
angle of 45○, accompanied by a more uniform temperature field distribution and an optimized melting
rate, which provides valuable insights for the thermal performance optimization of PCMs in complex
geometric structures.

Regarding flow control, Mosaffa et al. [9] employed an analytical model to investigate the moving
boundary problem during the solidification process, revealing the influence of natural convection on PCM
solidification. Marzouk et al. [10] conducted numerical simulations to study the effects of different fin
geometries on the PCM melting process, proposing methods to optimize fin shapes for improved flow
and heat transfer efficiency. Abhinand et al. [11] explored the relationship between melting time and the
number of fins in fin-assisted systems, uncovering the non-monotonic impact of fin quantity on melting
rates. Liu et al. [12] examined the influence of longitudinal fins on PCM melting performance, finding that
fin configurations significantly improved the melting rate. Rawat et al. [13] effectively accelerated the PCM
melting rate by employing flange fins in rectangular cavities and optimizing fin length and geometry. Mahdi
et al. [14] emphasized the crucial role of natural convection in PCM melting process, highlighting that
structural designs enhancing natural convection can substantially improve heat transfer efficiency.

In the context of geometric design and configuration, existing studies have shown that appropriately
designing the shape and layout of fins on pipes plays a significant role in reducing the full melting time of
PCM and enhancing heat transfer efficiency. Yang et al. [15] pointed out the notable impact of fin quantity
on the full melting time, suggesting that a reasonable fin layout can effectively shorten the melting time.
Zhang et al. [16] employed topology optimization methods to analyze the effect of reducing melting time
and established an optimized relationship between rational heat source configuration and melting time. Ben
Khedher et al. [17] introduced concave-convex fins, which improved internal convection and heat transfer
within the PCM through their unique geometric shape, thereby accelerating the melting process.
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It is worth noting that the studies predominantly adopted the finite element method (FEM) for
numerical simulations. To further improve the simulation accuracy of heat transfer processes—especially
those involving strong temperature gradients, multi-heat-source interference, and transient phase change
interfaces—the spectral element method (SEM), as a high-precision numerical approach, has exhibited
remarkable advantages in the simulation of electromagnetic, acoustic, and thermal coupled fields. For
instance, Mahariq et al. [18,19] found that in addressing acoustic and electromagnetic scattering problems,
SEM outperforms traditional FEM in terms of accuracy and convergence when resolving high-frequency
wave fluctuations and complex mode coupling. Beyond wave-related applications, recent advances in
high-order spectral and discontinuous Galerkin spectral-element formulations have demonstrated strong
convergence properties and high computational efficiency in large-scale wave propagation and coupled-field
simulations [20]. In addition, the incorporation of absorbing boundary techniques, such as the perfectly
matched layer (PML), has significantly enhanced their capability to handle open-boundary and large-domain
problems by effectively reducing artificial reflections [21,22]. Modern spectral-element computational
frameworks further provide scalable implementations and strong adaptability to complex geometrical
configurations, which are essential for high-fidelity numerical simulations in real-world engineering appli-
cations [23]. This study primarily employs the finite element method for analysis, which demonstrates
satisfactory accuracy. Based on the requirements of further research, future work will focus on the application
and development of the generalized element method.

Based on the review of existing literature, several important research gaps remain in the application of
PCMs in latent heat thermal energy storage (LHTES) systems: despite the abundance of numerical simulation
achievements, experimental validation is relatively insufficient, which limits the model prediction accuracy
and engineering reliability. Particularly under multi-heat-source configurations, the optimal configuration
of heating elements and their impacts on temperature field uniformity and melting efficiency remain
unclear. The key parameters, such as heat source configuration, spacing, and scaling factors, still lack a
systematic optimization method. To address this, by combining numerical simulation with experimental
validation, this study systematically investigates the effects of different heating-element configurations, heat
source spacings, and optimal scaling factors on PCM melting behavior, and temperature field uniformity.
This study establishes a solid quantitative foundation for enhancing melting uniformity in LHTES units
and provides systematic theoretical guidance for optimizing both structural compactness and heating-
element configuration, thereby significantly improving thermal performance, operational stability, and
overall efficiency, and demonstrating strong potential for practical engineering applications.

2 Modeling and Methods

2.1 Models
This study investigates a thermal energy storage (TES) unit using paraffin as the PCM, by developing

a coupled physical model that integrates heat source configuration with heat transfer behavior, as shown
in Fig. 1a. The model comprises four primary components: the phase change thermal storage (PCTS) region,
the heat source, the support structure, and the casing, which is constructed of borosilicate glass with low
thermal conductivity. The overall external dimensions of the TES unit are 312 mm × 222 mm × 156 mm
(X ×Y ×Z), with a uniform wall thickness of 6 mm. Heat is supplied by vertically inserted cylindrical electric
heaters with a diameter of 22 mm and a length of 160 mm. To accommodate the volumetric expansion of
the phase change material (PCM) during the melting process, the container is intentionally not fully filled,
leaving a reserved expansion space.
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(a) Physical model (b) Simplified geometric model

Figure 1: Physical and simplified geometric models of the phase change thermal storage unit.

The corresponding simplified geometry is shown in Fig. 1b. The phase change thermal storage (PCTS)
region has dimensions of 300 mm × 210 mm × 135 mm, and the heat sources are uniformly distributed
within the PCTS region, with adjacent center-to-center spacings of 100 and 70 mm in the X and Y directions,
respectively. Heat transfer from the heat sources is modeled as wall conduction. In order to characterize the
temporal evolution of temperature and the melting behavior, two monitoring surfaces, 1 and 2, are defined
at x = 150 mm and z = 30 mm, respectively.

2.2 Mathematical Model
A balance equation is derived based on the coupled heat transfer between the thermal storage material

and electric heaters. Given that the heat transfer within the PCTS region involves an internal heat source,
the governing equation is established as follows [24]:

ρcp
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where ρ is the density of paraffin wax (kg⋅m−3);cp is the specific heat capacity at constant pressure (J⋅kg−1⋅K−1);
T is the temperature (K); t is the time (s); k is the thermal conductivity of the phase change material
(W⋅m−1⋅K−1); qv is the volumetric heat source (W⋅m−3); W is the power of the electric heater (W); Vheat is
the volume of the electric heater (m3).

Since paraffin is uniformly distributed and continuous throughout the entire fluid domain, the
continuity equation for this region is:

∂p
∂τ
+∇(ρv) = 0 (2)

where v is the fluid velocity (m⋅s−1)
Paraffin undergoes a phase change under the influence of an internal heat source, with its energy

equation being [25]:

∂(ρT)
∂t

+∇ ⋅ (ρUT) = ∇ ⋅ ( λ
cp
∇T) + ST (3)

where λ is the thermal conductivity of the fluid (W⋅m−1⋅K−1); ST is the source term.



Energy Eng. 2027;124(1):16 5

The momentum equation is [26]:

∂(ρu)
∂t
+∇ ⋅ (ρuU) = ∇ ⋅ (μ∇u) − ∂P

∂x
+ Su (4)
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where u, v and w is the velocity component in the x, y and z direction, respectively; Su, Sv and Sw is the
momentum source term, respectively.

Su = Sv =
(1 − β)2

β3 + η
Amushu (7)

Sw =
(1 − β)2

β3 + η
Amushw − [1 − αv (T − Tref)] (8)

where β is the liquid volume fraction; η is the minimum value to prevent the denominator from being zero,
usually ranging from 10−3 to 10−5; Amush is the mushy zone constant; Tref is the reference temperature (K);
ρref is the density at the reference temperature (kg⋅m−3); αv is the coefficient of expansion (K−1).

The isothermal electric heaters are arranged in an m × n grid pattern, aligned parallel to the edges of
the casing with dimensions X (length) × Y (width). A scaling factor η is defined as the ratio of the center-to-
center distances, between adjacent heaters, dx and dy, to the characteristic length of the corresponding edge.
Thus, the relationship between heater spacing and casing dimensions is established as follows.

dx = ηX dy = ηY (9)

For a regular configuration, due to the symmetry of the temperature field, it can be considered that the
temperature at the center point of an adjacent heat source is dominated by the 4 nearest heat sources, and
the temperature gradient is:

∂T
∂r
= 4 Tsource − Tmelt√

d2
x + d2

y

(10)

where Tsource is the surface temperature of the electric heater (K); Tmelt is the melting temperature of the
phase change material (K).

Define ΔT as the temperature difference between the surface of the electric heaters and the phase change
material (PCM).

ΔT = Tsource − Tmelt (11)

The Stefan condition illustrates the principle governing the movement of the phase change interface,
and is given as follows [27]:

ρL dS
dT
= λ ∂T

∂r
(12)
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where ρ is the density of the phase change material (kg⋅m−3); L is the latent heat of phase change (J).
Assuming that the melting front moves from the surface of the electric heater to the center of the 4 heat

sources, the Stefan condition is integrated and the temperature gradient obtained from temperature field
superposition is substituted into the Eq. (12).

tmelt =
ρLd2

8λΔT
(13)

where tmelt is the melting time (s).
A scaling factor is introduced to simplify Eq. (13), yielding the following expression:

tmelt =
ρLη2(X2 + Y 2)

8λΔT
(14)

When the heat sources are closely spaced, superposition arises in the temperature field; therefore, a
correction term c is introduced, and the melting-temperature expression can be rewritten as:

tmelt = Ks (η2 + c
η
) (15)

Ks =
ρL(X2 + Y 2)

8λΔT
(16)

where Ks is a simplified parameter, related to the physical properties of phase change materials and container
dimensions; c is an experimental calibration constant that requires an experimental determination.

By differentiating the Eq. (16) and setting the derivative to zero, the optimal spacing ratio ηopt can be
obtained:

ηo pt = (
c
2
)

1/3
(17)

Therefore, after experimentally determining the melting time and scaling factor of paraffin, the values
of Ks and c can be obtained using Eq. (15), and the optimal scaling factor ηopt can ultimately be derived
from Eq. (17).

2.3 Assumption
To balance simulation accuracy and computational efficiency, appropriate simplifications are intro-

duced, and the following assumptions are adopted [28]:

(1) Paraffin is uniformly distributed and homogeneous and isotropic, and no mass exchange with the
external environment is considered;

(2) The density variation of paraffin satisfies the Boussinesq approximation, considering only temperature-
induced density changes while neglecting the effects of other factors;

(3) The thermal resistance of the electric heaters is neglected.

Table 1 [29] shows paraffin physical properties used in this study.
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Table 1: Physical properties of paraffin.

Properties Values
Phase change latent heat (J⋅kg−1) 140,000
Specific heat capacity (J⋅kg−1⋅K−1) 2000

Density (kg⋅m−3) 850
Thermal conductivity (W⋅m−1⋅K−1) 0.2
Phase-transition temperature (K) 331

2.4 Meshing and Independence Verification
In this model, the electric heater is vertically inserted into the phase change region. Therefore, during

mesh generation process, the heaters section is removed, and the grids at the bottom of the removed section
was structured with an O-grid topology, to achieve high grid quality. Since the electric heater acts as a heat
source, the grids around it are refined to ensure simulation accuracy. The resulting grids at monitoring surface
1 are shown in Fig. 2.

Figure 2: Grids on monitoring surface 1.

Monitoring points are selected on monitoring surface 1, with the temperature at these points when the
liquid phase fraction reaches 20% serving as the criterion. Mesh sizes are divided into five levels: N1 = 42,360,
N2 = 53,752, N3 = 75,078, N4 = 138,960, and N5 = 198,144. Time steps of t = 0.01, 0.1, and 1 s are selected for
calculations. The temperatures at the monitoring points under different grid number were shown in Fig. 3.
The figure indicates that when the grid number reaches 75,078, the temperature at the monitoring points
shows slight variations with further increases in grid number, When the grid number reaches 138,960,
the temperature at the monitoring points remains essentially unchanged. Considering the convergence,
computational times and the computational accuracy, a grid number of 138,960 is ultimately selected for the
numerical simulation, with a time step of 0.1 s.

2.5 Model Validation
To validate the accuracy of the model, we apply the numerical simulation method developed in

this paper to simulate the experiment in the reference [30]. Boundary conditions and three temperature
measurement layers identical to those in the experiment were set. The validation results are shown in Fig. 4.
The maximum deviation between the simulation results and experimental data of the upper layer was 6.1%,
while the maximum deviations for the middle and lower layers were 7.2% and 5.6%, respectively. Although
the simulation results obtained using the proposed simulation method differ slightly from the experimental
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results, the discrepancies are minor and the overall trends are consistent, which validates the accuracy and
applicability of proposed simulation method.

Figure 3: Verification of grid independence.

Figure 4: Model accuracy validation.

3 Results and Analysis

3.1 Melting Efficiency
Two configurations of heat sources array are proposed to examine how the spatial distribution of

heat sources affects the PCM melting rate. Fig. 5a illustrates the rectangular array of heaters, while Fig. 5b
illustrates the parallelogram array with a 45○ misalignment angle between adjacent rows.

As shown in Fig. 6, during the initial stage (250–500 s), the melting process is mainly governed by heat
conduction, with the heating-elements acting as localized heat sources, resulting in discrete liquid regions.
In the intermediate stage (500–750 s), adjacent liquid regions gradually merge, which enhances natural
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convection and significantly accelerates the expansion of the liquid phase. In the later stage (750–1000 s), the
liquid phase becomes dominant, and the melting rate is progressively limited by the heat transfer conditions
at the boundaries. Compared with the rectangular array, the parallelogram array exhibits a thicker liquid
layer near the boundaries. This behavior can be attributed to the closer proximity of the array elements to the
boundaries and the enhanced flow-induced convection. Consequently, the parallelogram array configuration
promotes a more uniform expansion and earlier interconnection of the liquid regions, thereby improving
the overall melting efficiency.

Figure 5: Two configurations of heat sources array.

Figure 6: Liquid fraction evolution on monitoring surface 2 for different array.

As shown in Fig. 7, both arrays exhibit similar initial melting trends during the heat-conduction-
dominated stage, indicating that the early evolution of the liquid fraction is only marginally influenced by
the array configuration. Owing to the aligned superposition of heat sources, the rectangular array exhibits
a slightly higher liquid fraction growth rate in the early stage. However, as the melting progresses and
natural convection becomes increasingly dominant, the parallelogram array effectively mitigates excessive
thermal superposition and enhances heat transfer through its staggered arrangement. This promotes stronger
convective motion and accelerates the overall melting process. As a result, the total melting time is reduced
from 1710 to 1625 s, corresponding to a decrease of approximately 5.2%.

Fig. 8 indicates that within the time interval of 600–1500 s, the rectangular array exhibits a higher
rate of temperature rise but a slower melting process, implying that a larger portion of the input heat is
converted into sensible heat rather than latent heat. This behavior can be attributed to the superposition
of thermal plumes generated by the aligned heat sources, which constrains fluid motion, induces localized
heat accumulation, and leads to insufficient thermal mixing. In contrast, the parallelogram array enhances
cross-region heat transfer by redirecting convective flow through heat source misalignment. This effectively
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mitigates local overheating and heat accumulation, thereby promoting stronger natural convection and
accelerating liquid phase growth.

Figure 7: Liquid fraction variation curves for different array of heat sources.

Figure 8: Temperature variation curves for different array.

3.2 Optimization of Heat Source Spacing
Although the parallelogram configuration demonstrates superior melting performance compared with

the rectangular one, the optimization of heat source spacing was first conducted under a regular rectangular
configuration. This approach was chosen because the rectangular array provides a symmetric and analytically
tractable reference structure, facilitating the derivation of a theoretical model for optimal spacing based on
temperature field superposition and the Stefan condition. The resulting optimal spacing ratio thus serves
as a baseline design criterion, upon which further structural optimization—such as the introduction of
misalignment—can be applied to achieve additional enhancement.
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To investigate the impact of heat source spacing on heat accumulation, a six-heater array with equal
distances in both the x and y directions was constructed. The adjacent center-to-center distance, Δs, was
treated as the control variable, with three cases considered: Δs = 30, 60, and 90 mm, as shown in Fig. 9.

Figure 9: Heat sources schematic (z-direction) for various spacing conditions.

Fig. 10 illustrates the temporal evolution of the liquid fraction on Monitoring Surface 2 under different
heat source spacings. In the early stage, melting occurs locally around each heat source and is minimally influ-
enced by spacing. As melting progresses, the influence of spacing becomes pronounced. When Δs = 30 mm,
excessive thermal-field overlap leads to rapid melting in the central region but impedes outward heat
diffusion. Conversely, when Δs = 90 mm, the weak interaction between adjacent heat sources delays the
coalescence of liquid regions and overall melting. An intermediate spacing of Δs= 60 mm achieves a balanced
thermal-field distribution, promotes uniform liquid-phase expansion, and facilitates the development of
natural convection, resulting in the most efficient melting process.

Figure 10: Liquid fraction evolution on monitoring surface 2 under different heat source spacings.

Fig. 11 illustrates the evolution of the liquid fraction under different heat source spacings. In the early
stage, the liquid fraction increases at a nearly identical rate for all cases, indicating a conduction-dominated
melting process. As melting proceeds, distinct differences emerge. The intermediate spacing of Δs = 60 mm
exhibits the highest liquid fraction growth rate, particularly during the convection-dominated stage, leading
to the shortest overall melting time. In contrast, excessively small or large spacings result in thermal-field
overlap or insufficient interaction between heat sources, respectively, both of which impede efficient melting.
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These results confirm the existence of an optimal heat source spacing that maximizes latent heat utilization
and melting efficiency.

Figure 11: Liquid fraction evolution curves at different heat source spacings.

Fig. 12 presents the temperature variation curves under different heat source spacings. During the early
stage, the temperature evolution is nearly identical for all cases, indicating a conduction-dominated heat
transfer regime. As melting proceeds, noticeable differences emerge. The case with Δs = 90 mm exhibits
the highest temperature rise due to weak thermal interaction and delayed onset of natural convection,
Conversely, the case with Δs = 30 mm shows moderate temperature growth influenced by localized heat
accumulation. In contrast, the intermediate spacing of Δs = 60 mm consistently maintains the lowest
temperature level, suggesting that a larger fraction of the input heat is effectively utilized for latent heat
absorption. This behavior further confirms that Δs= 60 mm provides the most efficient melting performance.

3.3 Verification of the Optimal Spacing Ratio ηopt

Based on the simplified parameter Ks and the experimentally calibrated constant c, the optimal scaling
factor ηopt can be determined. Numerical simulations were performed in conjunction with the governing
expressions to evaluate ηopt under the calibration conditions. To validate the proposed approach, experiments
were conducted under three operating conditions, in which the scaling factor η was set to 0.4, 0.3, and 0.2,
respectively, with the heat sources arranged in a 2 × 3 array.

Fig. 13 illustrates the evolution of the liquid fraction under different scaling factors. In the early stage, the
liquid fraction increases almost identically for all cases, indicating a conduction-dominated melting process.
As melting proceeds, noticeable differences emerge. Among the tested conditions, η = 0.3 exhibits the highest
liquid fraction growth rate and the shortest melting time. In contrast, excessively small or large values of
η lead to thermal-field overlap or insufficient interaction between heat sources, respectively, both of which
hinder efficient melting. These results confirm the existence of an optimal scaling factor that maximizes latent
heat utilization and melting efficiency.

Based on the scaling factors values η and the corresponding melting times t obtained from the three
operating conditions, the optimal scaling factor ηopt = 0.34 was determined by combining Eqs. (13)–(17).
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Under this optimal condition, the heat source spacings in the x and y directions are dx = 102 mm and
dy = 71.4 mm, respectively. To verify the melting performance of paraffin at ηopt = 0.34, a comparative analysis
was conducted between this optimal configuration and the case with η = 0.3.

Figure 12: Temperature variation curves at different heat source spacing.

Figure 13: Liquid fraction evolution curves at different scaling factors.

Fig. 14 compares the liquid fraction evolution for η = 0.3 and the theoretically predicted optimal value
η = 0.34. In the early stage, both cases exhibit similar melting behavior, indicating a conduction-dominated
regime. As melting progresses, the case with η = 0.34 consistently shows a higher liquid fraction and a steeper
growth rate, particularly during the intermediate stage. This behavior can be attributed to the optimized
heat source spacing, which enhances liquid-phase connectivity and promotes stronger natural convection.
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Consequently, the melting time is further reduced, confirming the effectiveness of the proposed optimal
scaling factor.

Figure 14: Liquid fraction evolution vs. time curves at η = 0.3 and η = 0.34.

4 Experimental Research

4.1 Experimental System and Equipment
The experimental system for latent heat thermal energy storage research is composed of three core

subsystems: a temperature controller, a phase-change apparatus, and a temperature measurement system,
as illustrated in Fig. 15. For accurate temperature data acquisition, a high-precision 32-channel temperature
data recorder, calibrated K-type thermocouples, and a high-resolution infrared thermal imaging camera
are employed.

Figure 15: Experimental system.
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4.2 Data Processing Method
During the experiment, transient temperatures are measured and recorded using the temperature

recorder and the infrared thermal imaging camera. Concurrently, the liquid fraction of the paraffin is
reconstructed using a validated formula-based post-processing method. To achieve high-fidelity monitoring
of temporal temperature evolution, a total of 30 thermocouples are embedded in the paraffin, distributed
across five horizontal layers with six measurement points per layer, as shown in Fig. 16, where the five layers
were uniformly spaced at 22.5 mm intervals along the vertical direction from the bottom to the top.

Figure 16: Temperature measurement points on each layer.

4.3 Experimental Procedures
The experimental procedure consists of three steps, PCM preparation, preprocessing, experiment

conduction, and data processing, as shown in Fig. 17.

Figure 17: Experimental procedures.
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4.4 Experimental Verification
Fig. 18 compares the temperature histories obtained from numerical simulations and experiments

at three representative measurement points (T1, T2, and T5). The simulated results agree well with the
experimental data in terms of overall trends and characteristic stages, including the initial heating phase, the
phase-change plateau, and the subsequent temperature rise in the liquid-dominated regime. Among the three
points, T2, which is closest to the heat source, exhibits the highest temperature and the strongest convective
heat transfer, with minimal deviation between the simulation and the experiment. The maximum relative
deviation for all measurement points remains below 6.4%, indicating that the proposed numerical model is
sufficiently accurate and reliable for predicting the melting behavior of the PCM.

Figure 18: Comparison of simulation results and experimental results.

Based on the coupled effects of heat conduction and phase-change kinetics, a theoretical model for
the optimal scaling factor ηopt in a symmetrically arranged configuration is proposed, and its quantitative
relationship with the melting time is derived. The theoretical model indicates that melting efficiency is
optimal when ηopt = 0.34. The optimal thermal field distribution at ηopt = 0.34 arises from an optimized heat
source configuration and the full utilization of natural convection. The critical threshold spacing between
heat sources minimizes ineffective overlap in the thermal field, prevents localized thermal accumulation,
and ensures continuous thermal coverage. Simultaneously, this spacing enables synergistic lifting of adjacent
thermal plumes during their mid-to-late development stages, thereby enhancing overall convective intensity.
It avoids flow interference caused by excessively narrow spacing or convective isolation resulting from overly
wide spacing. This facilitates earlier and more complete dominance of natural convection as the primary
heat transfer mechanism, significantly accelerating the advance of the melting front. Consequently, this ratio
achieves an optimal balance between fluid kinetic energy dissipation and heat transport efficiency, resulting
in more uniform temperature distribution and optimal energy storage performance. It provides a universal
quantitative design criterion for the configuration of heat sources in phase change energy storage systems.

To validate the proposed model, experiments were conducted under conditions of η = 0.4, 0.3, and
0.2, with the melting curves presented in Fig. 19. The experimental trends exhibit a good agreement with
the simulation results. However, the experimental liquid fraction demonstrates a slower initial increase and
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a longer final melting time, which are likely due to convective heat loss from the container walls to the
ambient air.

Figure 19: Liquid fraction evolution curve obtained by experiments for different scaling factors.

Fig. 20 presents the experimentally measured evolution of the liquid fraction for η = 0.3 and η = 0.34.
Both cases exhibit a monotonic increase in liquid fraction over time; however, the configuration with η = 0.34
consistently achieves a higher liquid fraction throughout the melting process. In particular, during the
intermediate stage, the growth rate of the liquid phase is noticeably enhanced. As a result, the total melting
time is reduced from 1535 to 1415 s, corresponding to a decrease of approximately 7.8%. These experimental
results are in good agreement with the numerical predictions, confirming the validity of the proposed optimal
scaling factor.

Figure 20: Liquid fraction curves obtained by experiments for η = 0.3 and 0.34.
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5 Conclusions
To investigate the effects of heat source spacing and configuration on the uniformity of phase change

heat storage and the melting rate of paraffin, a theoretical model for the optimal heat source spacing was
developed based on the dimensionless scaling factor η. A numerical approach integrating three-dimensional
transient simulations with experimental validation was employed, leading to the following conclusions:

(1) Under constant power input conditions, an optimal heat source spacing range is observed. Numerical
simulations demonstrate that a heat source spacing of Δs = 60 mm yields the minimum melting time
of 1390 s, representing reductions of 3.4% and 5.4% relative to the cases with Δs = 30 mm and Δs =
90 mm, respectively.

(2) Compared to symmetrical configurations, the parallelogram array with a 45○ misalignment angle
effectively prevents thermal plume superposition along the same line and improves natural convection
channels, thereby further reducing the melting time by approximately 5.2%.

(3) The results indicate that the parallelogram array significantly improves temperature-field uniformity
during PCM melting. By avoiding thermal plume superposition and enhancing flow-induced con-
vection, the parallelogram configuration promotes more uniform heat distribution and liquid-phase
expansion. In contrast, the rectangular array suffers from localized heat accumulation, leading to
higher temperatures but reduced latent heat utilization.

(4) Based on numerical simulations and experimental calibration, the optimal scaling factor ηopt = 0.34 is
obtained. Compared to the η = 0.3 operating condition, this optimal factor further reduces melting time
by 8.7% in numerical simulations and 7.8% in experiments, significantly enhancing melting efficiency.

(5) This study establishes a quantitative guideline (ηopt = 0.34) for a specific 2 × 3 array, and future work
should explore the universality of this factor across different heat source quantities (e.g., 3 × 3 and
4 × 4 arrays), container geometries, and various PCMs with distinct thermophysical properties. Future
work should integrate dynamic power control with optimized layouts and extend the approach to
multi-objective optimization, balancing melting rate, structural compactness, and energy efficiency in
advanced LHTES systems.
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