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a b s t r a c t 

Metal foam and fins are two popular structures that are employed to enhance the heat transfer of phase change 

materials in shell-and-tube heat storage units. However, it remains unclear which structure is better in terms 

of energy storage performance. In this study, the heat transfer enhancement performances of metal foam and 

fins are compared to provide guidance on the optimal structure to be chosen for practical applications. Three 

fin structures (four fins, two vertical fins, and two horizontal fins) are considered. Under the full configuration 

(volume fraction of metal = 3%), the unit with four fins was found to have a faster melting rate than those with 

vertical or horizontal fins. In other words, increasing the number of fins helps to accelerate the melting process. 

Nevertheless, the unit with metal foam enhancement has the highest melting rate. Under the half configuration 

(volume fraction of metal = 1.5%), the melting rate of the unit enhanced by metal foam is significantly decreased, 

whereas there is no remarkable changes in the units enhanced by fins. However, metal foam is still shown to be 

the best thermal enhancer. The energy storage rate of the unit enhanced by metal foam can be up to 10 times 

higher than that of the unit enhanced by fins. 
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. Introduction 

Thermal energy storage (TES) technology is a promising solution to

mproving the utilization efficiency in solar thermal applications and

ndustrial waste heat recovery [ 1 , 2 ]. It enables the storage of surplus

hermal energy, and releases it for subsequent use, which addresses the

emporal mismatch between energy supply and demand. This is a very

mportant functionality as solar energy is unsteady and intermittent.

oreover, the storage media can be transported to the user side so that

hermal energy can be recovered and used in different locations. Indus-

ries are usually far away from residential buildings; in such cases, TES

rovides a useful approach to the recovery and use of industrial waste

eat. Latent heat thermal energy storage (LHTES) has a large energy

ensity and almost constant temperature during charging/discharging,

hich makes it an attractive technology [3–5] . However, the storage

edia, i.e., phase change materials (PCMs), commonly suffer from low

hermal conductivity, leading to low melting and solidification rate.

ence, the energy storage efficiency requirement is not easily met [6] . 

The shell-and-tube heat storage unit is a popular device for TES [7] .

n this unit, the annular space between the shell and the tube is filled

ith PCMs. The heat transfer fluid (HTF) exchanges heat with the PCM
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hrough the tube. The HTF and PCM are not in contact; hence, there is

o risk of leakage of PCMs [ 8 , 9 ]. Many methods have been proposed

o enhance the heat transfer in the shell-and-tube unit; they can gen-

rally be classified as those using porous skeletons, fins, particles, and

eat pipes. Among the options, metal foam and fins are two popular

tructures owing to their excellent performance and ease of installation.

With metal foam, the porosity and pore size are two key factors. Liu

t al. [10] performed a numerical study on the thermal performance of a

hell-and-tube unit, where copper foam acts as the thermal enhancement

tructure and paraffin as the PCM. They analyzed the influence of the

ore size and porosity of metal foam on the energy storage performance.

orosity was found to have a significant effect, while the influence of

he pore size was smaller. Yang et al. [11] designed gradient pore struc-

ures for a vertical paraffin/copper foam LHTES unit. The copper foam

ith different pore configurations was placed in the upper, middle, and

ower parts to form the gradient pore structure. They found that the pos-

tive gradient, i.e., decreasing porosity from top to bottom, had a better

erformance. Moreover, they found that although the positive gradient

n the pore size increases the temperature uniformity, the pore size has

 very limited influence on the melting process. The HTF is another im-

ortant factor. Yang et al. [12] experimentally investigated the charging

rocess of a vertical paraffin/copper foam LHTES unit. Hot water was

sed as the HTF, and the effect of the HTF velocity was analyzed. Cop-

er foam was found to reduce the overall melting time by 64%. The HTF

elocity has little influence on the melting rate of both paraffin/copper

omposite and pure paraffin. The role of metal foam in the charging and
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Table 1 

Parameters of 8 cases used in the current study. 

Parameter Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 

Foam porosity 0.970 - - - 0.985 - - - 

Fin length (mm) - 25.1 25.1 25.1 - 25.1 25.1 25.1 

Fin thickness (mm) - 3.0 6.0 6.0 - 1.5 3.0 3.0 

Table 2 

Thermo-physical properties of paraffin and copper [18] . 

Material Property Value 

Paraffin 𝜌 0.785 g·cm 

− 3 

L 175.2 J·g − 1 

T m 54.4 °C – 64.1 °C 

c p 2.85 kJ·kg − 1 ·K − 1 

k 0.30 W·m 

− 1 ·K − 1 (solid) 

0.10 W·m 

− 1 ·K − 1 (liquid) 

μ 3.65 mPa·s 

𝛽 3.085 ×10 − 4 K − 1 

Copper 𝜌 8.92 g·cm 

− 3 

c p 0.38 kJ·kg − 1 ·K − 1 

k 401 W·m 

− 1 ·K − 1 
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Nomenclature 

A mushy Mushy zone constant 

𝜀 Porosity 

𝜌 Density 

𝜇 Dynamic viscosity 

𝛽 Coefficient of thermal expansion 

c p Specific heat capacity 

f l Melting fraction of the entire phase change material 

(PCM) 

h v Volumetric interfacial heat transfer coefficient 

k Thermal conductivity 

m Mass 

K Permeability 

L Latent heat 

Nu Nusselt number 

p Pressure 

PPI Pores per inch 

t Time 

T Temperature 

VF Volume fraction of copper 

𝜅tor , 𝑑 fp , 𝑑 fs Variables used in predicting the permeability and in- 

ertia coefficient 

ischarging processes was explored by Fleming et al. [13] . They found

hat the enhancement ability of metal foam was greater for the charging

rocess than for the discharging process. 

The fin is another popular thermal enhancer that is used in the shell-

nd-tube unit. Longitudinal fins and radial fins are common types of

ns. Dekhil et al. [14] compared the enhancement performance of lon-

itudinal and radial fins. They found that fins significantly improve the

elting and solidification rates, and longitudinal fins have superior per-

ormance than their radial counterparts. Some novel fins have been pro-

osed recently, such as topology-optimized fins, tree-shaped fins, and

adder-shaped fins. Ge et al. [15] designed different topology-optimized

ns and analyzed their thermal and economic performance. They con-

luded that optimized fins had the best thermal enhancement perfor-

ance, and were cost-effective when the unit price ratio was less than

. Zhang et al. [16] introduced tree-shaped fins. Their results indicate

hat the tree-fin heat storage unit has a fast solidification rate, excellent

emperature uniformity, and a high energy discharge rate. Compared to

he conventional radial-fin unit, the total solidification time is reduced

y 66%. Liu et al. [17] proposed ladder-shaped fins to accelerate the

elting process. They found that the fin angle has a significant impact

n the melting process. Vertical and horizontal fins have a reduced melt-

ng time compared to the ones that are turned 45° from the vertical axis.

Metal foam and fins are two widely used structures to improve en-

rgy storage efficiency. However, it remains unclear which one is bet-

er. Very few studies have compared the performance of the two struc-

ures in the shell-and-tube unit, which makes choosing the better one for

ractical applications difficult. In the current research, the heat trans-

er enhancement performance of metal foam and fins was compared.

hree fin structures (horizontal-vertical fins, vertical fins, and horizon-

al fins) and two metal configurations (volume fraction of metal = 3%

nd 1.5%) were considered. The melting rate, solid-liquid phase field,

nergy storage rate, etc. are analyzed. This study aims to provide guid-

nce on choosing a superior enhancement structure for TES applications.

. Numerical model 

.1. Physical and mathematical models 

The physical models of metal foam- and fin-enhanced heat storage

nits are shown in Fig. 1 . Copper foam has a porosity of 0.97; hence, in
488 
ase 1 where the copper foam fills in the heat storage unit, the volume

raction (VF) of copper is 3%. In cases 2–4, the VF is also 3%. These cases

re referred to as the “full configuration ”. In case 2, fins are arranged

orizontally and vertically; the thickness and length are 3 mm and 25.1

m, respectively ( Table 1 ). In case 3, two fins are arranged vertically;

he length is the same, while the thickness is 6 mm. In case 4, two fins

ith the same thickness and length as case 3 are arranged horizontally.

As the cost of copper is high, the enhancement structure in small

uantities is sometimes employed to minimize cost. In cases 5–8, the

olume fraction of copper is reduced to 1.5%, which is half the corre-

ponding value in cases 1–4. These cases are referred to as the “half

onfiguration ”. In case 5, copper foam has a porosity of 0.985. In cases

–8, the fin thickness values are half the corresponding values in cases

–4. 

A two-dimensional (2D) model was employed because the variation

long the axis is insignificant within a limited length. Some assumptions

ere made for the numerical model: (1) Thermo-physical properties are

ndependent of temperature ( Table 2 [18] ); (2) liquid PCM is laminar

nd incompressible; (3) PCM and copper foam are isotropic and ho-

ogenous; (4) Boussinesq approximation is used to deal with natural

onvection. 

The continuity equation is given by [19] : 

 ⋅ �⃗� = 0 (1) 

Momentum equations for the PCM/fin configuration are as follows

 20 , 21 ]: 

PCM 

𝜕𝑢 

𝜕𝑡 
+ 𝜌PCM 

(
�⃗� ⋅ ∇ 𝑢 

)
= − 

𝜕𝑝 

𝜕𝑥 
+ 𝜇PCM 

∇ 

2 𝑢 − 

( 1 − 𝜑 ) 2 (
𝜑 

3 + 𝜔 

)𝐴 mushy 𝑢 (2)

PCM 

𝜕𝑣 

𝜕𝑡 
+ 𝜌PCM 

(
�⃗� ⋅ ∇ 𝑣 

)
= − 

𝜕𝑝 

𝜕𝑦 
+ 𝜇PCM 

∇ 

2 𝑣 + 𝜌PCM 

𝑔 𝛽
(
𝑇 − 𝑇 m1 

)
− 

( 1 − 𝜑 ) 2 (
𝜑 

3 + 𝜔 

)𝐴 mushy 𝑣 (3) 

here 𝜌PCM 

is the PCM density; 𝛽 is the thermal expansion coefficient;

𝜇PCM 

is the viscosity; and 𝜑 is the melting fraction [20] : 

 = 

𝑇 − 𝑇 m1 
𝑇 mu − 𝑇 ml 

= 

⎧ ⎪ ⎨ ⎪ ⎩ 
0 for T < 𝑇 m1 
0 − 1 for 𝑇 m1 ≤ T ≤ 𝑇 mu 
1 for T > 𝑇 mu 

(4)

here 𝑇 ml and 𝑇 mu are respectively the solidus temperature and liquidus

emperature of paraffin. 
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Fig. 1. Schematic of metal foam- and fin-enhanced heat storage units. VF: volume fraction of copper. 

Fig. 2. Schematic of the grid set of 18,831 cells. 
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Fig. 3. Variation of melting fraction under di
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Momentum equations for PCM/metal foam composite are given by

22] : 

𝜌PCM 

𝜀 

𝜕𝑢 

𝜕𝑡 
+ 

𝜌PCM 

𝜀 2 

(
�⃗� ⋅ ∇ 𝑢 

)
= − 

𝜕𝑝 

𝜕𝑥 
− 

𝜇PCM 

𝐾 

𝑢 − 

𝜌PCM 

𝐹 l √
𝐾 

|𝑢 |𝑢 + 

𝜇PCM 

𝜀 
∇ 

2 𝑢 − 

( 1 − 𝜑 ) 2 (
𝜑 

3 + 𝜔 

)𝐴 mushy 𝑢 (5) 

𝜌PCM 

𝜀 

𝜕𝑣 

𝜕𝑡 
+ 

𝜌PCM 

𝜀 2 

(
�⃗� ⋅ ∇ 𝑣 

)
= − 

𝜕𝑝 

𝜕𝑦 
− 

𝜇PCM 

𝐾 

𝑣 − 

𝜌PCM 

𝐹 l √
𝐾 

|𝑣 |𝑣 + 

𝜇PCM 

𝜀 
∇ 

2 𝑣 + 𝜌PCM 

𝑔 𝛽
(
𝑇 − 𝑇 m1 

)
− 

( 1 − 𝜑 ) 2 (
𝜑 

3 + 𝜔 

)𝐴 mushy 𝑣 (6) 

here 𝜀 is the porosity; K is the permeability; and F l is the inertia resis-

ance coefficient. The correlations for predicting K and F l are as follows

23] : 

 = 

𝜀 2 
(
𝑑 fp 

√
𝜅tor ∕3 𝜀 

)2 

36 
(
𝜅tor − 1 

)
𝜅tor 

(7) 
fferent (a) mesh sets and (b) time steps. 
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Fig. 4. Validation of the current model with Ref. [26] . 
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 l = 0 . 00212 ( 1 − 𝜀 ) −0 . 132 
(
𝑑 fs ∕ 𝑑 fp 

)−1 . 63 
(8) 

 fp = 

25 . 4 × 1 0 −3 
PPI 

(9) 

 fs = 1 . 18 
√ 

1 − 𝜀 

3π

[ 
1 

1 − 𝑒 ( 𝜀 −1 ) ∕0 . 04 

] 
(10) 
Fig. 5. Melting front propagation (right semicircle) and tem

490 
1 
𝜅tor 

= 

3 
4 𝜀 

+ 

√
9 − 8 𝜀 
2 𝜀 

cos 
{ 

4π
3 
+ 

1 
3 
co s −1 

[ 
8 𝜀 2 −36 𝜀 +27 
( 9 − 8 𝜀 ) 1 . 5 

] } 

(11) 

The energy equation for the PCM/fin configuration is shown as fol-

ows [ 20 ]: 

𝜌PCM 

𝑐 p , PCM 

(
𝜕𝑇 

𝜕𝑡 
+ �⃗� ⋅ ∇ 𝑇 

)
= 𝑘 PCM 

∇ 

2 𝑇 − 𝜌PCM 

𝐿 

𝑑𝜑 

𝑑𝑡 
(12)

The energy equations for the PCM/metal foam composite are given

y [ 9 ]: 

 𝜌PCM 

𝑐 p , PCM 

𝜕 𝑇 PCM 

𝜕𝑡 
+ 𝜀 𝜌PCM 

𝑐 p , PCM 

(
�⃗� ⋅ ∇ 𝑇 PCM 

)
= 𝑘 ef , PCM 

∇ 

2 𝑇 PCM 

+ ℎ v 
(
𝑇 ps − 𝑇 PCM 

)
− 𝜀 𝜌PCM 

𝐿 

𝑑 𝑓 l 
𝑑𝑡 

(13) 

1 − 𝜀 ) 𝜌ps 𝑐 p , ps 
𝜕 𝑇 ps 

𝜕𝑡 
= 𝑘 ef , ps ∇ 

2 𝑇 ps − ℎ v ( 𝑇 ps − 𝑇 PCM 

) (14)

here c p is the specific heat, and k ef is the thermal conductivity, which

s predicted by Yao et al. [24] model: 

 ef , ps = 

1 − 𝜀 

3 
𝑘 ps (15) 

 ef , PCM 

= 

2 + 𝜀 

3 
𝑘 PCM 

(16) 

here 𝑘 ps and 𝑘 PCM 

are the thermal conductivity of porous skeleton and

CM, respectively. 

The volumetric interfacial heat transfer coefficient ( h v ) is calculated

s follows [25] : 

 v = 

𝑁𝑢 𝑘 PCM 

𝑑 2 fs 

(17) 

𝑢 = 

{ 

76 . 99 − 152 . 01 𝜀 + 75 . 04 𝜀 2 0 ≤ Re ≤ 0 . 1 (
1 . 72 + 1 . 71 𝜀 − 3 . 46 𝜀 2 

)
R e 0 . 26 P r 0 . 28 0 . 1 < Re ≤ 1 

(18) 
perature distribution (left semicircle) for cases 1–4. 
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Fig. 6. (a) Variation of melting fraction with time for different cases. (b) total 

melting time for different cases. 
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Fig. 7. Variation trend of the stored energy. (a) Variation of stored energy with 

time, (b) total stored energy for different cases, and (c) energy storage rate for 

different cases. 
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.2. Initial and boundary conditions 

The initial conditions are: 

 = 23 ◦C (19)

The boundary condition for the tube is: 

 tube = 75 ◦C (20) 

The shell is set as adiabatic: 

𝜕 𝑇 shell 
𝜕𝑟 

||||𝑟 = 60 = 0 (21) 

At the interface between the fin and PCM: 

 PCM 

= 𝑇 f in , ( − 𝑘 PCM 

∇ 𝑇 PCM 

) ⋅ 𝑛 = ( − 𝑘 f in ∇ 𝑇 f in ) ⋅ 𝑛 , 𝑢 = 𝑣 = 0 (22)

.3. Grid and time step independence test 

The numerical model was solved using Ansys Fluent. Three mesh

ets for case 1 (18,831 cells, 25,970 cells and 35,722 cells) were tested.

he schematic of the grid set (18,831 cells) is shown in Fig. 2 . The ele-

ent sizes of three mesh sets are 0.800 mm, 0.068 mm, and 0.058 mm,

espectively. The element size had almost no influence on the results

 Fig. 3 (a)). The grid details for 8 cases used in the simulation are listed

n Table 3 . Then, three time steps were tested. From Fig. 3 (b), the im-

act of the time step on the melting fraction is low. 25,970 cells and 1

 were adopted in the current research. 
able 3 

rid details for 8 cases. 

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 

Number of cells 25,970 23,966 24,550 24,538 25,970 24,081 24,582 24,570 

Element size (mm) 0.068 0.068 0.068 0.068 0.068 0.068 0.068 0.068 

F  

t  

b  

w  

m  

m  

n  

s  

491 
.4. Model validation 

Atal et al. [26] researched experimentally the phase change of paraf-

n in a shell-and-tube unit. Aluminum foam was used as the thermal

nhancer. The authors recorded the temperature of a point (configura-

ion: aluminum foam/paraffin, 0.95 porosity). The results are shown

n Fig. 4 [26] . In addition, the authors performed a numerical sim-

lation and predicted the temperature evolution. The same geometry

nd thermo-physical properties were employed in the current study.

ig. 4 presents the experimental and simulated results. At 0–25 min,

he simulated results are higher than the experimental results. This is

ecause it is assumed that the boundary is adiabatic in the simulation,

hile there can be some heat loss in the experiment. After 70 min, the

elting is finished. The difference between the experimental and nu-

erical values decreases; the experimental values are higher than the

umerical values at the last stage. This is because in the simulation, the

pecific heat of the liquid paraffin and solid paraffin is set the same;
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Fig. 8. Melting front propagation (right semicircle) and temperature distribution (left semicircle) for cases 5–8. 
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n reality, the former is lower than the latter [23] . The maximum de-

iation is 13.4 °C (19.7%) when the solidification process starts in the

imulation (114 min), after which the discrepancy decreases. The simu-

ated and experimental results are almost the same at the final stage.

ompared to the simulated results reported by Atal et al. [ 26 ], the

eviation is less than 4%. Therefore, the current numerical model is

easible. 

. Results and discussions 

.1. Full configuration 

The melting front propagation and temperature distributions are

hown in Fig. 5 . For case 1, the melting is homogenous. The melting

ate of the upper half is almost the same as that of the lower half. For

ase 2, at f l = 0.2, the solid-liquid interface is symmetric; the PCM near

he fins is melted first. Subsequently, the upper half part has a faster

elting rate than the lower counterpart. The liquid and hot PCM flows

pward under the buoyancy force, accelerating the melting in the up-

er half part. Cases 3 and 4 show a similar phenomenon. In case 1, the

etal foam suppresses the natural convection, which should lead to a

omogeneous solid-liquid interface. 

Fig. 6 (a) shows the variation of the melting fraction for the 4 cases.

or case 1, the melting fraction increases the most rapidly. The follow-

ng one is case 2. The melting fraction of case 3 initially increases less

apidly than case 4, but the overall melting rate is faster than case 4.

his may be attributed to the vertical fin accelerating the melting of

CM in the lower part. From Fig. 5 , the melting in the lower part is ob-

iously slower than that in the upper part. In case 3, the PCM near the

ower vertical fin melts fast. By contrast, in case 4, the PCM at the lower

art, particularly at the bottom, is hardly affected by the horizontal

ns. 
492 
The melting time of case 1 is the shortest, followed by case 2, case

, and case 4. These results indicate that metal foam has the best heat

ransfer enhancement performance, and that 4 fins are superior to two

ns. 

Fig. 7 indicates that the stored energy has a similar variation trend to

he melting rate. The total stored energy for 4 cases is nearly identical,

nd a slight difference should result from the sensible heat energy. Case

 has the highest energy storage rate, which is 20 times higher than that

f case 4. 

.2. Half configuration 

The melting front propagation and temperature distribution for cases

–8 are shown in Fig. 8 . For case 5, the phase interphase is almost the

ame as in case 1, except at f l = 0.8, where the melt front is egg-shaped.

his is because the flow resistance becomes weak owing to the higher

orosity in case 5, resulting in stronger natural convection. The melting

ront propagation and temperature distribution for case 6 is similar to

hat of case 2. The condition is the same for case 7 and case 8. 

Fig. 9 (b) shows that the total melting time of case 5 is 7,242 s, which

s 97.3% longer than that of case 1. For cases 6–8, the variation of the

elting fraction does not vary significantly from those of cases 2–4. In

ddition, the total melting time is only slightly increased. This is be-

ause the contact area between fins and PCM decreased marginally.

verall, the half configuration has a significant effect on the metal foam-

nhanced unit, while it hardly affects the fin-enhanced units. 

The stored energy and the melting fraction have the same variation

rend ( Fig. 10 ). Case 5, i.e., the metal foam-enhanced unit, has the high-

st energy storage rate, followed by case 6, case 7, and case 8. The

nergy storage rate for case 5 is 10 times higher than that for case 8.

lthough the energy storage rate of the metal foam-enhanced unit is

ignificantly decreased, it is still the highest one. 
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Fig. 9. (a) Variation of melting fraction with time, (b) total melting time for 

cases 5–8, and (c) comparison of the melting time of the full configuration and 

the half configuration. 
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Fig. 10. (a) Variation of stored energy with time, (b) total stored energy for 

different cases, and (c) energy storage rate for difference cases. 
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. Conclusions 

In the current study, two popular thermal enhancers, i.e., metal foam

nd fins, are compared to provide guidance on the choice of the optimal

tructure for practical applications. Three fin structures (four fins, two

ertical fins, and two horizontal fins) are included, and the following

onclusions are made: 

1) For the full configuration (volume fraction of metal = 3%), the melt-

ing rate in the unit with four fins is faster than the one with vertical

or horizontal fins. In other words, increasing the number of fins helps

to accelerate melting. Horizontal fins have the weakest enhancement

performance, and metal foam exhibits the best enhancement perfor-

mance. The energy storage rate in the unit with metal foam is ap-

proximately 20 times higher than that in the unit with horizontal

fins. The four cases have nearly the same total stored energy. 

2) For the half configuration (volume fraction of metal = 1.5%), the

solid-liquid phase interface as well as the temperature field is similar
493 
to that under the full configuration. The total melting time in the

unit with metal foam almost doubles, while there is no remarkable

change in the units with fins. Nevertheless, metal foam still exhibits

the best enhancement performance. The energy storage rate in the

unit with metal foam can be up to 10 times higher than that of the

fin-enhanced unit. 
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