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Abstract

This study employs a phase change packed bed thermal energy storage system, using Solar Salt as the
storage medium and thermal oil as the heat transfer fluid (HTF). Based on a pore-scale approach, the
thermal storage performance of three-dimensional systems with single-layer, double-layer variable-
diameter, and triple-layer variable-diameter configurations is studied. Firstly, the effects of phase
change capsule diameter and different arrangement patterns on the thermal storage characteristics
of the single-layer system were examined. Key performance parameters such as thermal storage time,
liquid fraction, temperature distribution characteristics, heat storage capacity, and HTF outlet temper-
ature were obtained. Building on this, the optimization effect of the segmented and zoned layout strat-
egy on the thermal storage process was further investigated. The results indicate that under medium-
high temperature conditions, the melting rate of the PCM in the system increases as the capsule diam-
eter decreases, leading to a shorter thermal storage time. Compared to the in-line arrangement, the
staggered arrangement not only mitigates the thermal stratification effect but also enhances the over-
all thermal uniformity of the system. The thermal performance of the layered variable-diameter sys-
tems was superior to that of the single-layer system. Specifically, the heat storage time for the double-
layer and triple-layer variable-diameter systems was reduced by approximately 19.8% and 27.5%,
respectively, compared to the single-layer system. The research results provide theoretical support
and practical basis for the design of heat storage systems in related fields.
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Figure 1. Schematic diagram of the structure of the phase change filled bed heat storage tank
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Table 1. Thermal physical properties of materials [12]
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S Solar Salt S
R plkg-m™ 2100 (s)/1860 (1) 850
LA Cp/T kg K 1130 (s)/1510 (1) 2500
IR w/Pass 0.00324 0.00042
SHE W-m K 0.55 (5)/0.3 (1) 0.1
J& 8 Tw/K 493 /
AHAR IR L/k) k™! 160 /

¥F: Solar Salt (60% wt NaNOs + 40% wt KNO3).
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Figure 2. Model mesh division and verification of mesh independence
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Figure 3. Cloud map of the liquid phase and temperature distribution of the phase change
capsule at 4 seconds ((a) Literature value; (b) Simulated value)
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Figure 4. (a) Liquid phase distribution cloud map and (b) temperature distribution cloud map of the single-layer heat storage
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Figure 5. Variations of the PCM liquid phase, temperature, storage capacity and HTF outlet temperature of the single-layer
heat storage system over time ((a) PCM liquid phase rate variation diagram; (b) PCM temperature variation diagram; (¢) PCM
heat storage capacity variation diagram; (d) HTF outlet temperature variation diagram)
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Figure 6. (a) Liquid phase distribution cloud map and (b) temperature distribution cloud map of the stratified variable diameter
heat storage system at =15 s
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Figure 7. Variation of the liquid phase rate of PCM in the multi-layer variable diameter heat storage system
((a) Double layer, double size; (b) Triple layer, triple size)
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Figure 8. Variation of PCM temperature in the multi-layer variable diameter heat storage system ((a) Double
layer, double size; (b) Triple layer, triple size)
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Figure 9. Variation of PCM heat storage capacity of the multi-layer variable diameter heat storage system ((a)
Double layer, double size; (b) Triple layer, triple size)
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Figure 10. Variation of the outlet temperature of the HTF in the multi-layer variable diameter heat storage
system ((a) Double layer, double size; (b) Triple layer, triple size)
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Figure 11. Relationship between the heat storage time and temperature of different spheres ((a) Vertical arrange-

ment; (b) Cross arrangement)
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