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Abstract— Metal foam has excellent characteristics to 

improve the performance of heat transfer in the latent thermal 

energy storage. However, as for horizontal heat storage tube, 

the refractory problem at the bottom leads to reduce heat 

storage efficiency. In this Manuscript, we cut off the bottom 

of horizontal tubes with different ratios to explore the 

influence on heat storage efficiency. Through the method of 

experiment and numerical simulation comparison, the 

melting fraction, melting interface and velocity field are 

obtained. The results showed that the smaller the bottom 

cross-cut ratio, the faster the melting rate. When the bottom 

cross-cut ratio is 0.6, the complete melting time is the least, 

1120 s, which is 18.841 % shorter than that of the round tube. 
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NONMENCLATURE 

Abbreviations 

LTES Latent thermal energy storage 

PCMs Phase change materials 

HTF Heat transfer fluid 

Symbols 

fm Melting fraction 

I. INTRODUCTION 
Among new energy sources, solar energy is considered 

to be an important development object that can alleviate 
energy and environmental problems.  

Besides, the latent thermal energy storage (LTES) can 
greatly reduce energy consumption. In order to solve the 

problem of low thermal conductivity of Phase change 
materials (PCMs), the metal foam has excellent 
characteristics such as high porosity, low density, and large 
specific surface area to makes it widely used in thermal 
conductivity and electrical conductivity [1]. 

Zhang et al [2] studied the thermal conductivity of 
copper foam on improving paraffin wax through experiments 
and numerical simulations. The results showed that there is a 
thermal imbalance effect between the foamed copper 
ligament and the paraffin, resulting in a large temperature 
difference. Caliano et al [3]conducted a numerical simulation 
of the charging and discharging process of pure PCM unit 
and PCM unit filled with aluminum metal foam through 
comparison, and the results elaborated that the charging and 
discharging processes with metal foam were four times and 
two times faster than those without metal foam, respectively. 
Metal foam mainly affects the phase transition process by 
changing the strength of thermal conductivity and natural 
convection[4]. The small pores and large surface area of 
metal foams can generate strong guest interactions, which are 
beneficial to reduce leakage problems of liquid-phase PCMs 
[5]. Yao et al [6] analyzed the effect of porosity in the range 
of 0.929~0.974 and the pore size of 5~40 PPI copper foam 
on the heat transfer of the phase transition process. The heat 
transfer model can be known by the Rayleigh number. 

To improve the adverse effect of the refractory problem 
at the bottom of the heat storage tube on the overall heat 
transfer efficiency, this paper explores the issue from another 
point of view: in the simplified two-dimensional phase 
change heat storage structure, the bottom heat storage tube is 
cut off according to a certain proportion, thereby reducing the 
refractory solid-phase PCM at the bottom of the heat storage 
tube. Exploring heat transfer modes that can improve heat 
transfer efficiency and reduce the time to complete melting 
by changing the bottom cross-cut ratio. 



  

II. NUMERICAL MODEL 

A. Model development 

Taking one tube of the shell-and-tube TES tank to study, 
heat transfer fluid (HTF) flows into the system. Besides, the 

water temperature is 70 ℃ and the initial temperature of 

PCM is 20 ℃. To simplify the issue, we choose one of the 

concentric tubes to be the research object. The diameter of 
the inner heating tube r is 20mm, the outer diameter of the 
heat storage tube R1 is 60 mm. Porosities of 98 % and pore 
density of 10 PPI is used for copper porous medium between 
inner and outer tubes. Regarding the premise that the annular 
heat storage volume remains unchanged, the bottom of the 
heat storage tube is cross-cut, and the shape of it is shown in 
Fig. 1 (a). The bottom cross-cut ratio of different cases is 
shown in Table 1. Because of the axial-symmetry nature of 
the shell-and-tube TES unit, an axial-symmetric two-
dimensional computational domain was built in Fig. 1 (b). 

 
Fig. 1 (a) its annulus bottom-cross-cut LHTES unit; (b) bottom-cross-cut 
for computational domain 

 

TABLE I The bottom cross-cut ratio of different cases 

Case Ratio=h / R2 h/mm R2/mm 

Case A 0.5 16.72 33.45 

Case B 0.6 19.44 32.39 

Case C 0.7 22.06 31.52 

Case D 0.8 24.65 30.81 

Case E 0.9 27.26 30.28 

Case F 1.0 30 30 

B. Model validation 

In order to verify the accuracy of the established 
numerical model, the temperature at two points of case (F) in 
the numerical model and the experimental model were 
selected for numerical comparison. Point a and b was located 
at R=25, 11mm, respectively. From the comparison results in 
the Fig.2, the maximum error between the measurement point 
a of the simulation results and the experimental measurement 
point is 3.98 %, which is within the acceptable range. 

 

 

Fig. 2 Comparison of temperature curves of experimental and numerical 
results at point a and b 

III. RESULTS AND DISCUSSION 

A. Melting fraction 

Fig. 3 (a) shows the melting curves of the metal foam-
PCM heat storage tube with different bottom cross-cut ratios. 
Different excision ratios have a significant effect on the 
development of the melting process. In the early stage of 
melting, the main heat transfer method is heat conduction. As 
melting process going on, a corresponding temperature 
gradient is generated inside the PCM, which in turn generates 
natural convection to affect the development of the melting 
process. Due to the change of the cross-cut shape of the heat 
storage tube, the effect of natural convection in different 
regions of the tube is different, so that the melting curves of 
different heat storage tubes have discrepancy. Finally, there 
is the third stage of the end of melting, which is shown in Fig. 
3(b). The melting area develops to the bottom of the heat 
storage tube. Since the bottom is solid-phase PCM, the main 
heat transfer mode is changed to heat conduction. The closer 
the distance to the heating tube, the faster the heat conduction 
rate, the smaller the solid volume at the bottom of the heat 
storage tube, and the faster the melting rate. 

Taking the melting fraction of the bottom cross-cut ratio 
of 1 as a reference, at 200 s, the melting rate under different 
ratios does not differ by more than 0.866 %. At 500 s, the 
melting fraction of ratio 1 is 0.589, the melting fraction of 
ratio 0.6 is 0.573, and the melting fraction of ratio 0.5 is 
0.543, which are 2.716 % and 7.810 % lower than the 
reference ratio, respectively. At 1100 s, the melting fraction 
of ratio 1 is 0.946, the melting fraction of ratio 0.6 is 0.998, 
and the melting fraction of ratio 0.5 is 0.992, which are 
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5.494 % and 4.863 % higher than the melting fraction of 
reference cross-cut ratio 1, respectively. 

 
(a) 

 
(b) 

Fig. 3 (a) Melting fraction at different bottom cross-cut ratios; (b) Partial 
enlarged view of the third stage 

B. Melting interface and velocity field 

Fig. 4 shows the melt phase interface, velocity 
distribution and temperature distribution of different bottom 
cross-cut ratios tubes at 250 s, 500 s, 750 s and 1000 s, 
respectively. First of all, at 500 s, it can be seen that the areas 
of the liquid phase regions at different bottom cross-cut ratios 
are similar. This is because the phase change material is 
mainly in the solid phase, and the main heat transfer method 
is heat conduction. With the progress of the melting process, 
the liquid phase PCM gradually increases. The different areas 
are heated differently, resulting in a corresponding 
temperature gradient, making natural convection as the main 
heat transfer method. At 750 s, the lower the inclination, the 
lower the intensity of natural convection, which can be 
explained from the velocity at the interface of the melt phase. 
it can be seen from the color of the velocity field. The 
velocity at the molten phase interface is negatively related to 
the bottom cross-cut ratio. When the melting process 
develops to the 1000 s, the solid phase PCM areas are 
concentrated at the heat storage tube bottom. The larger 
bottom cross-cut ratio, the larger area of the tube bottom far 
away from the heating surface, the worse heat transfer effect, 
the longer complete melting time, and the more obvious 
refractory phenomenon at the bottom of the heat storage tube. 

 

Fig. 4 Melt phase interface and velocity distribution at different bottom 
cross-cut ratios 

IV. CONCLUSION 
This paper studied the influence of the bottom cross-cut 

ratio to the horizontal LTHES unit, which has an obvious 
advantage to update the effective of energy storage. The 
transient melting behaviors including melting shape, liquid 
fraction, velocity fields were discussed. 

(1) The closer the distance to the heating tube, the faster 
the heat conduction rate, the smaller the solid volume at the 
bottom of the heat storage tube.  

(2) In terms of the overall melting rate trend, the smaller 
the bottom cross-cut ratio, the faster the melting rate. When 
the bottom cross-cut ratio is 0.6, the complete melting time is 
the least, 1120 s, which is 18.841 % shorter than that of the 
round tube. Thereby improving the overall melting 
efficiency.  

ACKNOWLEDGEMENT 

This work was supported by the National Natural 

Science Foundation of China (51976155). The author 

(Xiaohu Yang) gratefully acknowledges the support of K. C. 

Wong Education Foundation. 

0 200 400 600 800 1000 1200 1400
0.0

0.2

0.4

0.6

0.8

1.0

200 400 600 800
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

f m

t/s

 0.5

 0.6

 0.7

 0.8

 0.9

 1

1

2

3

2

800 900 1000 1100 1200 1300 1400
0.80

0.85

0.90

0.95

1.00

 0.5

 0.6

 0.7

 0.8

 0.9

 1

f m

t/s

3



  

REFERENCE 
[1] Li WQ, Guo SJ, Tan L, Liu LL, Ao W. Heat transfer enhancement of 

nano-encapsulated phase change material (NEPCM) using metal foam 
for thermal energy storage. Int J Heat Mass Transf. 2021;166:8. 

[2] Zhang P, Meng ZN, Zhu H, Wang YL, Peng SP. Melting heat transfer 
characteristics of a composite phase change material fabricated by 
paraffin and metal foam. Appl Energy. 2017;185:1971-83. 

[3] Caliano M, Bianco N, Graditi G, Mongibello L. Analysis of a phase 
change material-based unit and of an aluminum foam/phase change 
material composite-based unit for cold thermal energy storage by 
numerical simulation. Appl Energy. 2019;256:19. 

[4] Mengshuai Z, Hua Z, Qinxue Y, Dragon P, Hanwen S, Xiangxin S. 
Study on the Effect of Foamed Metal Copper Filling Ratio on the 
Enhanced Heat Transfer Mechanism of Phase Change Materials. 
Journal of Refrigeration. 2021;42:127-33. 

[5] Marri GK, Balaji C. Experimental and numerical investigations on the 
effect of porosity and PPI gradients of metal foams on the thermal 
performance of a composite phase change material heat sink. Int J 
Heat Mass Transf. 2021;164:15. 

[6] Yao YP, Wu HY, Liu ZY. Direct Simulation of Interstitial Heat 
Transfer Coefficient Between Paraffin and High Porosity Open-Cell 
Metal Foam. J Heat Transf-Trans ASME. 2018;140:11. 

 


