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a b s t r a c t 

The integration of phase change materials (PCMs) and metal foam has been widely concerned recently. To 

decrease non-uniformity of uniform metal foam-PCMs, adaptive metal foam arrangement strategy with 

increasing porosity from inside to outside has attracted widespread attention. This work conducted a 

symmetric simulation model of vertical thermal energy storage (TES) tube validated by experiments, for 

optimization of adaptive metal foam arrangement in basic design (0.94–0.94–0.94). It was followed by 

assessing the performance of gradient metal foam structures that included 27 cases with radial foam 

gradients of larger porosity on the outside and smaller porosity on the inside. Results demonstrated that 

a smaller difference between the inside and outside subregions resulted in better thermal performance 

when the same porosity of the intermediate subregion was used. More intense natural convection with 

stronger liquid paraffin vortex could be obtained by an adaptive arrangement. With the same average 

porosity, the faster phase change evolution, which was influenced by the maximum promotion of stronger 

natural convection, was achieved by using a larger intermediate porosity and a larger porosity difference 

between the inside and outside regions. The optimal strategy (0.87–0.94–0.97) could significantly shorten 

the melting duration as maximal as 17.15% compared with the original uniform (0.94–0.94–0.94), which 

contributed to efficient vertical metal foam TES systems, also as light and cost-effective as possible while 

also avoiding sacrificing thermal capacity. 

© 2023 Elsevier Ltd. All rights reserved. 
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. Introduction 

Considering that thermal energy production and supply are 

nconsistent in intensity, time, and space, thermal energy storage 

TES) system is widely used to provide a reliable thermal bank 

1–3] . Thermal energy storage may be classified into three forms 

ased on various principles: sensible [ 4 , 5 ], latent [6–8] , and

hermochemical [ 9 , 10 ]. Latent thermal energy storage (LTES) with 

he advantages of higher TES density has emerged as the most 

idely-used in different engineering fields [11–14] . Specifically, the 

utstanding performance of LTES was demonstrated by Ghoneim 

t al. [15] in 1989, and the phase change materials (PCMs) have 

he potential to accommodate 5 to 14 times more heat than 

raditional sensible thermal energy storage materials. 
∗ Corresponding author. 

E-mail address: xiaohuyang@xjtu.edu.cn (X. Yang) . 
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However, the heat transfer of PCMs is deteriorative due to their 

ow thermal conductivity [ 16 , 17 ]. It is proposed to effectively deal

ith this problem through additive with high thermal conductivity, 

uch as fins [ 18 , 19 ], metal foam [ 20 , 21 ], nanomaterials [22] . Among

hem, metal foam is an attractive way to optimize the heat trans- 

er, forming the high-performance composite PCM, attributed to its 

arger specific surface area, finer thermal penetration ability and 

reater thermal conductivity [ 23 , 24 ]. The integration of PCMs and 

etal foam has attracted widespread attention these days, serving 

n essential role in solar thermal collector [25] , industrial waste 

eat recovery [26] , thermal management [ 22 , 27 , 28 ], by a consid-

rable number of investigations. Wang et al. [29] experimentally 

nalyzed the influence of metal foam on energy storage systems 

erformance. It was revealed that the integration of metal foam 

ould shorten the melting time and avoid thermal backlog in some 

egions with thermal poorness in others, which was beneficial for 

eveloping thermal energy storage for the exploitation of solar 

nergy at medium temperatures. Prasanth et al. [30] conducted a 

odified heat storage tank with thermal volume of 300 KJ, filling 

https://doi.org/10.1016/j.ijheatmasstransfer.2023.124278
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2023.124278&domain=pdf
mailto:xiaohuyang@xjtu.edu.cn
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124278
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Nomenclature 

Abbreviation 

CFPCM Copper foam phase change material 

FVM Finite volume method 

HTF Heat transfer fluid 

HTT Heat transfer tube 

PCM Phase change material 

PPI Pores per inch 

TES Thermal energy storage 

Symbols 

C E Inertial coefficient 

C s Small computational constant 

c p Specific heat (J ·kg −1 ·K 

−1 ) 

d The average ligament diameter of open-cell foam 

(m) 

ER Enhancement ratio 

e Thickness ratio of node to solid ligament 

f Friction factor 

f m 

Melting fraction 

G Shape function for metallic ligaments 

g Acceleration of gravity (m ·s −2 ) 

h s f Interstitial heat transfer coefficient (W ·m 

−2 ·K 

−1 ) 

K Permeability 

k Thermal conductivity (W ·m 

−1 ·K 

−1 ) 

k td Thermal dispersion coefficient (m 

2 ·s −1 ) 

L Latent heat (kJ ·kg −1 ) 

p Pressure (Pa) 

q Heat flux (W ·m 

−2 ) 

q Average heat flux (W ·m 

−2 ) 

RR Integral average temperature response rate ( ◦C ·s −1 ) 

T Temperature ( ◦C) 

t Time (s) 

U Velocity (m ·s −1 ) 

u Superficial velocity at x direction (m ·s −1 ) 

v Superficial velocity at y direction (m ·s −1 ); Average 

velocity (m ·s −1 ) 

w Superficial velocity at y direction (m ·s −1 ) 

v f m 

Variation rate of liquid fraction 

Greek symbols 

β Thermal expansion coefficient (K 

−1 ) 

ε Porosity 

αs f Specific area (m 

−1 ) 

μ Dynamic viscosity (kg ·m 

−1 ·s −1 ) 

ρ Density (kg ·m 

−3 ) 

σ Liquid fraction liquid in the porous medium 

σfm 

Melting evenness index 

χ Flow tortuosity 

� Vorticity (s −1 ) 

Subscript 

ave Average 

in Inside subregion near the heat transfer tube 

m Melted PCM; Intermediate subregion; Melting time 

out Outside subregion far from the heat transfer tube 

s PCM in solid phase; Subregions 

ith composite PCMs consisting industrial paraffin and metal 

oam. Experimental results showed that the thermal efficiency of 

he metal foam-PCM heat tank ranged from 60 % to 85 % under 

ifferent common heat transfer fluids. Ali et al. [31] proposed a 

ntegrative heat sink as thermal management device adopting the 

opper foam, phase change material and heat pipe. It was exper- 
2 
mentally concluded that the hybrid cooling could led to a more 

ffective thermal dissipation in comparison to other traditional 

pproaches under 2 and 3 kW/m 

2 for the same operating duration. 

eismoradi et al. [32] used the integration of copper foam and 

CMs for the cooling of Li-ion battery packs. It was demonstrated 

hat the greater thermal load due to higher electrical power was 

orresponded to the higher efficiency. The improvement of seven 

imes could be realized, which was attributed to the metal foam. 

The metal foam-PCM with uniform arrangement melting pro- 

ess evolves in a non-uniform manner due to the heat transfer pro- 

ess impacted by temperature distribution and the development of 

atural convection limited by the porous structure [33] . As a result, 

everal studies propose gradient metal foam designs with variable 

orosity and pore density (PPI) [34–36] . Mahdi et al. [37] invoked 

 multiple-segment metal foam arrangement alongside the orien- 

ation of heat flow in the horizontal shell-and-tube TES tube. Their 

umerical outcomes reported that the charging and discharging 

ates could be significantly accelerated by metal foam with vary- 

ng porosity. Ghahremannezhad et al. [38] employed the Darcy- 

rinkman-Forchheimer model to simulate the influence of vari- 

ble metallic foam on the phase change process. Results show that 

he gradient porous could promote melting rate and uniformity 

f temperature distribution. Meanwhile, the optimization could be 

bserved under various heating supplies and at the whole charg- 

ng stages. Marri et al. [39] experimentally and numerically exam- 

ned melting performance of shell-and-tube heat sink immersed 

ith gradient metallic foam during the cycles of energy storage 

nd release. It was indicated that when with constant porosity, the 

ink with the non-uniform PPI density, that is higher at top than 

ottom, outperformed the uniform foam configurations in melt- 

ng rate as much as 45 %. Zhuang et al. [40] conducted a three-

imensional numerical model, that is validated by PIV experimen- 

al images, to explore the influence of linear metallic foam on ther- 

al energy storage performance. It was noted that phase change 

eat transfer was comprehensively affected by thermal conduction 

nd natural convection caused by the non-uniform metal foam. 

hmadi et al. [41] employed a 2D model to predict the perfor- 

ance of the metal foam-PCM thermal energy storage units for 

oncentrated solar power plants. It was verified that the total en- 

ropy generation was enhanced by 7.96 % in optimized configura- 

ion compared with the original structure. 

It should be noted that most of the above studies just simply 

howed the superiority of gradient metal foam-PCM. Optimized 

radient direction has received a lot of attention, but there still 

s a lack of more clear studies on the influence of non-uniform 

orphologies (that is porosity gradient difference) of metallic foam 

n the thermal behaviors of vertical shell-and-tube TES units. The 

oordination between the layout of metal foam and heat transfer 

rocess deserves more attention. This work studied an adaptive 

etal foam layout to achieve a better comprehensive performance 

f LTES unit, and analyzed the effect of porosity variation differ- 

nces on strengthening. 

. Physical model and mathematical modeling 

.1. Physical model 

Fig. 1 (a) depicted a schematics of vertical shell-and-tube TES 

ank with an inner diameter of 22 mm, an outside diameter of 

0 mm and height of 270 mm, embedding with an adaptive metal 

oam arrangement. A composite PCM made up of copper foam 

ith a fixed PPI of 15 and paraffin wax with the melting tem- 

erature range of 53–54 °C, named as copper foam phase change 

aterial (CFPCM). Hot water of 70 °C and 0.05 m ·s −1 flowing 

hrough heat transfer tube (HTT) represented heat transfer fluid 
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Fig. 1. (a) Schematics of adaptive metal foam arrangement in vertical thermal energy storage tube and (b) computer domains 

Table 1 

Physical parameters of paraffin and copper [42] . 

P c p k β μ L T m 
kg ·m 

−3 J ·kg −1 ·K −1 W ·m 

−1 ·K −1 K −1 kg ·m 

−1 ·s −1 kJ ·kg −1 ◦C 

Paraffin 850(solid)/ 

800(liquid) 

2000 0.2(solid)/ 

0.1(liquid) 

7.5 × 10 −4 2.51 ×10 −3 200 53–54 

Copper 8920 380 401 
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HTF). Table 1 listed the thermophysical properties of the mate- 

ials. 

Directed by the adaptive metal foam strategy, the metal foam 

ith a radial obliquity of larger porosity on the outside and smaller 

orosity on the inside was used to solve the melting character- 

stic of poor heat transfer on the outside than inside. Total PCM 

rea was divided into three subregions with the same area as S in , 

 m 

and S out , filling with metal foam with the porosity of ε in , ε m 

nd εout . Considering the axisymmetric characteristics of shell-and- 

ube and time cost of simulation, the computer domain was sim- 

lified as two-dimensional model consisting of CFPCM and HTT, as 

hown in Fig. 1 (b). 

.2. Governing equations 

To develop the mathematical model, some essential assump- 

ions were stated as follows. The Boussinesq approximation was 

sed to determine the density change, with considering the liq- 

id paraffin as an incompressible Newtonian fluid. Metal foam and 

araffin were thought of as continuous media. It was ignored to 

ccount for heat resistance between several copper foam layers. 

araffin’s change in heat capacity while melting was disregarded. 

The following were the governing equations that can be applied 

o calculate phase change heat transfer of CFPCM. Based on the 

ypothesis mentioned earlier above. 

Continuity equation: 

∂ ρ f 

∂t 
+ ∇ ·

(
ρ f 

〈 → 

U 

〉 )
= 0 (1) 

Momentum equations: 

ρ f 

σ

∂ 〈 u 〉 
∂t 

+ 

ρ f 

σ 2 

(〈
�
 U 

〉
· ∇ 

)〈 u 〉 
= −∂ 〈 p 〉 

∂x 
+ 

μ f 

σ
∇ 

2 〈 u 〉 −
(

μ f 

K 
+ 

ρ f C E √ 

K 

∣∣〈�
 U 

〉∣∣)〈 u 〉 − (1 − f m ) 
2 

f m 
3 + δ

A m 〈 u 〉 (2) 

o

3 
ρ f 

σ

∂ 〈 v 〉 
∂t 

+ 

ρ f 

σ 2 

(〈
�
 U 

〉
· ∇ 

)〈 v 〉 = −∂ 〈 p 〉 
∂y 

+ 

μ f 

σ
∇ 

2 〈 v 〉 −
(

μ f 

K 
+ 

ρ f C E √ 

K 

∣∣〈�
 U 

〉∣∣)〈 v 〉 

− (1 − f m ) 
2 

f m 
3 + δ

A m 〈 v 〉 + ρ f gβ
(〈

T f 
〉
− T m 1 

)
(3) 

ρ f 

σ

∂ 〈 w 〉 
∂t 

+ 

ρ f 

σ 2 

(〈
�
 U 

〉
· ∇ 

)〈 w 〉 

= −∂ 〈 p 〉 
∂x 

+ 

μ f 

σ
∇ 

2 〈 w 〉 −
(

μ f 

K 
+ 

ρ f C E √ 

K 

∣∣〈�
 U 

〉∣∣)〈 w 〉 − (1 − f m ) 
2 

f m 
3 + δ

A m 〈 w 〉 (4) 

In Eq. (2) , (3) and (4) , the 

(
μ f 

K + 

ρ f C E √ 

K 
| 〈 � U 〉 | 

)
〈 u 〉 , 

μ f 

K + 

ρ f C E √ 

K 
| 〈 � U 〉 | 

)
〈 v 〉 and 

(
μ f 

K + 

ρ f C E √ 

K 
| 〈 � U 〉 | 

)
〈 w 〉 represented the 

nfluence by porous structure, which was the expression of the 

orchheimer extended Darcy model. K and C E were given as 

ollows: 

 = 

ε[1 − (1 − ε) 
1 / 3 

] 

108[ (1 − ε) 
1 / 3 − (1 − ε)] 

d p 
2 

(5) 

 E = 0 . 095 

c d 
12 

√ 

ε 

3(χ − 1) 

( 

1 . 18 

√ 

1 − ε 

3 π

1 

G 

) −1 

(6) 

= 

ε 

1 − (1 − ε) 
1 / 3 

(7) 

 = 1 − e −(1 −ε) / 0 . 04 (8) 

And the ( 1 − f m ) 
2 

f m 
3 + δ A m 

〈 u 〉 was employed to describe the influence 

f phase change evolution on the momentum. The liquid fraction 
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Fig. 2. The average temperature in total PCM region ( T / ◦C) under (a) different grid numbers and (b) different time steps 

f

A

w  

a

ε

F

m

 m 

and the parameter for velocity damping A m 

was calculated by: 

f m 

= 

⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

0 T f < T m 1 

T f − T m 1 

T m 2 − T m 1 

1 T m 2 < T f 

T m 1 < T f < T m 2 (9) 

 m 

= 

C (1 − f l ) 
2 

C s + f 
3 

(10) 

l 

ig. 3. (a) Experimental system, and comparison of (b) transient phase interface morpho

ent and simulation 

4 
here C was the mushy zone constant set to 10 5 [43] , and C s was

 small computational constant as 10 −3 . 

Energy equation: 

PCM: 

 ρ f 

(
c p f + L 

d f l 
d t 

)
∂ 
〈
T f 

〉
∂t 

+ ρ f c p f 

〈
�
 U 

〉
· ∇ 

〈
T f 

〉
= ∇ ·

((
k f e + k td 

)∇ 

〈
T f 

〉)
− h s f a s f 

(〈
T f 

〉
− 〈 T s 〉 

)
(11) 
logy and (c) transient-temperature ( T / °C) at Point A and Point B between experi- 
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Fig. 3. Continued 

f

t

(

a

h

σ
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2

e

a

t
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t

t

f

m

b

s

c

The ε ρ f ( c p f + L 
d f l 
d t 

) represented the comprehensive heat trans- 

er influences including sensible and latent heat of PCM, based on 

he enthalpy porosity mode. 

Metal foam: 

 

1 − ε ) ρs c ps 
∂ 〈 T s 〉 
∂t 

= ∇ ·
(
k se ∇ 

〈
T f 

〉)
− h s f a s f 

(〈 T s 〉 − 〈
T f 

〉)
(12) 

 s f = 

1 . 18 ω 

0 . 0224 

√ 

3 π(1 − ε) (13) 

 s f = 

⎧ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎩ 

(0 . 35 + 0 . 5 Re 0 . 5 ) k f / d f , 0 ≤ Re ≤ 1 

0 . 76 Re 0 . 4 Pr 0 . 37 k f / d f , 1 < Re ≤ 40 

0 . 52 Re 0 . 5 Pr 0 . 37 k f / d f , 40 < Re ≤ 10 0 0 

0 . 26 Re 0 . 6 Pr 0 . 37 k f / d f , 10 0 0 < Re ≤ 20 0 0 0 

(14) 

= ε f l (15) 

a

5 
The symbol 〈〉 in above equations denoted the volume average 

peration; h sf and a sf were calculated by [ 44 , 45 ]. 

.3. Numerical procedure 

The simulation calculations were carried out using ANSYS Flu- 

nt 19R3 software. The finite volume method (FVM) was used to 

ccurately predict the phase change in porous structure. The en- 

halpy porosity technique was employed for the heat transfer of 

olid and liquid paraffin. The PRESTO! scheme was activated for 

he pressure correction and the SIMPLE algorithm was selected 

o solve the pressure-velocity coupling. The convergence criterion 

or the energy conservation equation, continuity equation, and 

omentum equation were remained smaller than 10 −6 . The left 

oundary of the heat transfer tube (HTT) computation domain was 

et as the symmetry axis. The junction of HTT and CFPCM was 

oupled. The boundary of HTF inflow and outflow were considered 

s the inlet and outlet respectively. And the rest of the boundary 
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t
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d
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A

h

as set as adiabatic, ignoring the thermal disturbance of the sur- 

ounding environment. The primitive temperature of the vertical 

ES tube was 22 °C. 

To assure a grid-independent solution, three available struc- 

ured grids (23,226, 51,852, and 103,756 cells) were investigated. 

t was shown in Fig. 2 (a) that the grids project of 51,852 cells was

hosen, because it exhibited the maximum of a 1.04 % difference 

alue compared with more grids and made lower the computer 

ost. Furthermore, three different time steps (0.05 s, 0.1 s, and 

.3 s) were also tested to ensure the accuracy of the results. As 

ig. 2 (b), the 0.1 s time step was found to be enough to adequate

or the simulation, independent and stable over the phase change 

rocess. 

. Model validation 

.1. Experimental device 

To verify simulation reliability of describing metal foam-PCMs 

elting action, a simple experimental test system was set up as 

ig. 3 (a), consisting of a thermostatic water bath (German, JULABO, 

ORIO CD-1001F) as heat source, a vertical shell-and-tube phase 

hange thermal storage tube filled with paraffin ( T m 

= 53 ∼54 

C)(produced by Hualing company in Shanghai, China) and in- 

used with metal foam (0.97 porosity and 10 PPI pore density, 

roduced by Hefei Institutes of Physical Science, Chinese Academy 

f Sciences) placed by support frame, and corresponding equip- 

ent for thermocouple temperature measurement including com- 

uter (American, Dell), thermocouple (American, Omega, TT-K-30) 

nd data acquisition instrument (China, KEYSIGHT, model 34,970 

), and necessary pipes and valves. Specifically, the test TES tube, 

hich stood 300 mm tall, was constructed from a transparent plas- 

ic cylinder (an inner diameter of 85 mm and an outer diameter of 

5 mm), coupled with a copper tube (an inner diameter of 20 mm 

nd a wall thickness of 1 mm). 

.2. Experimental procedure 

First, the non-standard copper foam block was created by 

ire cutting, as seen in Fig. 3(a) . After that, put the paraffin and
Fig. 4. Melting time ( t full / s) of vertical TES tube with unifor

6 
opper foam in the vacuum tank. The gage pressure is lowered to 

.01 MPa by a vacuum pump as the vacuum tank is placed in the 

ater bath and maintained at 100 °C for two hours. After these 

perations, the PCM is fully melted. To guarantee that the PCM 

as fully frozen, the vacuum tank is then removed and allowed to 

ool to ambient temperature. Finally, remove the excess paraffin. 

he composite phase change material and copper pipe were 

ssembled, and the copper pipe surface was coated with thermal 

onductive glue to reduce the contact thermal resistance of the 

omposite phase change material and copper pipe. Considering 

he influence of heating power, pump work and room temperature 

f the experimental system, the oft-repeated tests were carried 

ut with the conditions as hot water of 80 °C at 0.3 m/s by setting

hermostatic water bath and adjusting the valve, and the initial 

emperature of 21 °C. 

The transient phase interface morphology was captured, and 

ompared with the numerical phase change evolution, as shown in 

ig. 3 (b). The consistent melting interface height qualitatively ver- 

fied the reliability of the numerical model. The transient data of 

he two temperature measurement points at A and B (as shown in 

ig. 3 (a)) were extracted and adopted to compare with the corre- 

ponding numerical simulation results. The comparison in Fig. 3 (c) 

evealed that the simulated temperature curve agreed well with 

he experimental tested results with less than 5 % miss-distance, 

hich indicated that the numerical methods has reliably been cal- 

ulated. 

. Results and discussion 

To study the impact of adaptive metal foam arrangement on the 

hermal performance in vertical thermal energy storage tube, the 

orosity of metal foam was changed from inside to outside along 

adial orientation. The uniform CFPCM tube with the porosity of 

.94 was regarded as benchmark case. Then a series of cases with 

daptive metal foam acceptably ranging between the porosity of 

.86 and 0.99 with a constant pore density of 15PPI were con- 

ucted by first determining the porosity of the intermediate re- 

ion, followed by the properties of the inner and outer regions. 

ccording to adaptive metal foam arrangement, the outer region 

ad the largest porosity, followed by the intermediate and the in- 
m and adaptive non-uniform metal foam arrangement 
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Table 2 

The metal foam porosity morphologies of adaptive metal foam arrangement. 

εin εm εout 

case1 0.86 0.97 0.99 

case2 0.87 0.97 0.98 

case3 0.87 0.96 0.99 

case4 0.88 0.96 0.98 

case5 0.89 0.96 0.97 

case6 0.88 0.95 0.99 

case7 0.89 0.95 0.98 

case8 0.90 0.95 0.97 

case9 0.91 0.95 0.96 

case10 0.89 0.94 0.99 

case11 0.90 0.94 0.98 

case12 0.91 0.94 0.97 

case13 0.92 0.94 0.96 

case14 0.93 0.94 0.95 

case15 0.90 0.93 0.99 

case16 0.91 0.93 0.98 

case17 0.92 0.93 0.97 

case18 0.91 0.92 0.99 
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er region had the smallest. Table 2 enumerated the graded metal 

oam porosity morphologies. 

Fig. 4 showed melting time of vertical TES tube with uniform 

nd adaptive non-uniform metal foam arrangement. Limited by the 
ig. 5. (a) Melting time ( t full / s) and (b) liquid fraction variation rate ( v f m 1 − f m 2 
/ 1 ·s −1 ) o

on-uniform metal foam arrangement (case B and C) 

7

cceptable range of metal foams used in each region, the poros- 

ty of the intermediate subregion varied from 0.92 to 0.97. Ac- 

ording to the intermediate porosity the non-uniform metal foams 

ould be divided into six groups. It was observed visually that 

ompared with the original 0.94–0.94–0.94 structure, the gradu- 

lly increasing porosity from the inside to the outside could ef- 

ectively solve the problem of poor heat transfer of the TES tube, 

hich indicated the advantages of adaptive metal foam strategy. 

he optimal metal foam layout for achieving the maximum melt- 

ng rate, with the inside porosity of 0.92, the intermediate poros- 

ty of 0.94 and the outside porosity being 0.96, which reduced the 

elting duration by 13.00 % with 4820 s compared with 5540 s 

f the traditional uniform structure [46] . It could also be found 

hat in the graded structure of each group based on the porosity 

f the intermediate region, there was a gradual trend in melting 

ime, so that a minimum value with a proper difference within the 

roup could be found. To further analyze the influence of poros- 

ty morphology in adaptive arrangement on melting development, 

emperature distribution and uniformity of thermal characteristics 

f vertical TES tube, uniform structure with 0.94–0.94–0.94 (case 

) and non-uniform designs with 0.89–0.94–0.99 (case 10) and 

.92–0.94–0.96 (case 13) from the εm 

= 0.94 group, were selected 

o subsequent discussion, named as case A, case B and case C, 

espectively. 
f different melting stages in vertical TES tube with uniform (case A) and adaptive 
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Fig. 6. Liquid fraction variation rate enhancement ratio ( ER − v f m 1 − f m 2 
/ %) (compared with uniform case A) in vertical TES tube with adaptive non-uniform metal foam 

arrangement ((a) case B and (b) case C) 
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.1. Melting performance 

Fig. 5 (a) depicted the melting time for increasing the melting 

ate with each 0.1 increase during the whole phase change mate- 

ial, in vertical TES tube with uniform (case A) and adaptive non- 

niform metal foam arrangements (case B and C). It was reported 

n case A that melting behavior took the longest in stages 0–0.1 

i.e., the initial melting phase) and 0.9–1.0 (i.e., the final melting 

hase), which were caused by weak heat conduction in the ini- 

ial stage and low natural convection intensity in the final stage, 

espectively. Heat conduction and natural convection were effec- 

ively enhanced by adaptive non-uniform metal foam arrangement 

n case B and case C, illustrated by the less melting time. It was

lso pointed out from Fig. 5 (b) that liquid fraction variation rate 

f different melting stages showed a trend of initially increasing 
8 
nd then decreasing, resulting in the most difficult part of pro- 

oting melting as the late stage of melting (0.9–1.0). It’s worth 

oting that the optimal adaptive non-uniform arrangement with 

he proper metal foam morphology (case C) outperformed primary 

daptive design (case B) and uniform (case A). 

To quantitatively illustrate the necessity of optimization of 

daptive metal foam arrangement in vertical thermal energy stor- 

ge tube, liquid fraction variation rate enhancement ratio, com- 

ared with uniform design case A, of vertical TES tube with adap- 

ive non-uniform metal foam arrangement in case B and case C 

as shown as Fig. 6 . The left part of the dotted line was the

trengthening effect of the melting fraction in different stages for 

ach 0.1 increment, and the right part of the dotted line was the 

hole melting process. It was demonstrated that liquid fraction 

ariation rate during the whole melting process (0–1.0) was both 
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nhanced, compared with the traditional uniform structure [46] , by 

daptive non-uniform metal foam arrangement, as much as 5.93% 

n case B and 14.94 % in case C. It was found that optimized config-

rations case C exhibited promoted melting rate during the whole 

elting evolution with noticeable enhancement. As for case B, it 

nfortunately reduced the melting rate by 15.26 % in the melting 

tage (0.9–1.0), although it has a good promotion effect in other 

tages. It was revealed that non-uniform foam arrangement was 

ifferently influenced the melting performance in different melt- 

ng stages. 

Fig. 7 (a) depicts the melting fraction and variation rate of liquid 

raction in total PCM of case A, case B and case C. It was noted

hat case B and case C outperformed case A during the whole 

elting process with significant higher liquid fraction and short- 

ng time. From the beginning of melting to the first half stage of 

he melting process of about 2300 s, the adaptive metal foam ar- 

angement showed faster melting development, which was due to 

he emergence of more and more liquid phase PCM influenced by 

igh thermal conductivity metal foam, and subsequently the de- 

elopment of natural convection became more and more intense. 

ase C achieved a comprehensive optimization of two main heat 

ransfer methods, thanks to the non-uniform metal foam morphol- 
ig. 7. Melting fraction f m and variation rate of liquid fraction ( v f m / 1 ·s −1 ) in (a) total PCM

daptive non-uniform metal foam arrangement (case B and C) 

9 
gy characteristics that were more suitable for the non-uniform 

hermal characteristics of the vertical TES tube. In the subsequent 

harging, due to the combined strengthening effect of heat con- 

uction and natural convection presented in case B and case C, a 

igher melting fraction was obtained before 2300s, which provided 

 good foundation for the outside melting. 

Fig. 7 (b), (c) and (d) showed the melting fraction and variation 

ate of liquid fraction in S in, S m, and S out subregions, separately. As 

hown in Fig. 7 (b), because the inner region was the closest to the 

eat source, its melting performance was always faster than the 

ther regions. Therefore, the advantage of case B and case C was 

ot concentrated in the inner side. Nevertheless, the acceleration 

f melting was still ahead of case A with single structure metal 

oam throughout the melting process in this region. 

As shown in Fig. 7 (c), for the intermediate subregions, even 

hough the same porosity 0.94 metal foam was arranged in 

hree arrangements, the gradient metal foam showed significant 

dvantages compared to the original structure. To be specific, 

ase B with 0.89–0.94–0.99 surpassed the initial structure due 

o higher initial melting rate influenced by the more efficient 

eat conduction by smaller inside porosity in inside subregion. 

ase C with 0.92–0.94–0.96 exceeded the initial structure was 
 region, (b) S in , (c) S m and (d) S out of vertical TES tube with uniform (case A) and 
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Fig. 7. Continued 
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ttributed to intensification of the later stages of the melting 

rocess with stronger natural convection of whole PCM by larger 

utside porosity. When it comes to the melting enhancement 

n outside region, it has received considerable critical attention 

ue to the farer thermal distance from heat source and thermal 

esistance. The melting development in the outer region depended 

n the appearance of large amounts of liquid phase in other re- 

ions, leading the intensification of natural convection as the main 

arget. Considering the metal foam with high thermal conductivity 

ue to its metallic framework and restriction of flow due to its 

orous structure, metal foam with higher porosity was applied 

or acceleration of nature convection development in outside 

ubregion. It was stated in Fig. 7 (d) that case C exhibited the 

astest charging rate in outside ahead of case A and case B. 

Fig. 8 depicted phase change behavior of vertical TES tube with 

niform (case A) and adaptive non-uniform metal foam arrange- 

ent (case B and C) at t = 10 0 0 s, 20 0 0 s, 30 0 0 s and 40 0 0 s.

t t = 10 0 0s, the solid paraffin in the inside subregion adjacent

o the HTT wall started to melt first and had a tilted phase inter- 

ace due to the natural convection effect. The melting front devel- 

ped almost along the radial direction from the HTT wall to the 

ES tube wall, which was the most important reason for the adap- 

ive metal foam arrangement. The solid-liquid interface forward of 

o

10 
ase B and case C was more able to reach the region farther away 

rom the heat source compared to case A. With the development of 

elting, a large amount of melted paraffin had already appeared in 

he inner and middle regions, as the images of t = 20 0 0 s. When

 = 30 0 0 s, the outer region started to melt. Case C obviously had

 more rapid melting process compared to case B and case A. At 

 = 40 0 0 s, the end of the melting process, only a small part of

he un-melted paraffin in case C was left at the outermost corner, 

hile the area of the un-melted region in case A was about three 

imes that of case C. 

The melting uniformity index is applied to further quantita- 

ively illustrate melting performance of different gradient copper 

oam tubes, which is defined as follows: 

f m (t) = 

√ 

1 

n 

n ∑ 

i =1 

[
f m, S i ( S i , t ) − f m ,a v erage ( t ) 

]2 
(16) 

here f m,Si and f m ,average are the melting rate at different subre- 

ion and the average melting rate of the heat storage unit. Fig. 9 

howed transient melting evenness index of vertical TES tube with 

niform (case A) and adaptive non-uniform metal foam arrange- 

ent (case B and C), representing the inhomogeneity of the melt- 

ng rate throughout the melting process in the inner, middle and 

uter regions. It was well-known that a smaller melting evenness 
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Fig. 8. Phase change behavior of vertical TES tube with uniform (case A) and adaptive non-uniform metal foam arrangement (case B and C) at t = 10 0 0 s, 20 0 0 s, 30 0 0 s 

and 40 0 0 s 

11 
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Fig. 9. Melting evenness index σ f m of vertical TES tube with uniform (case A) and adaptive non-uniform metal foam arrangement (case B and C) 
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ndex meant better melting performance with the more synchro- 

ized melting behavior. As Fig. 6 shown, more solid paraffin was 

resent in case A at the initial stage of the charging ( t = 600 s

s an example), that was, the melting development was slow in 

ll regions. Therefore, the smaller melting uniformity index in the 

arly stage could not really confirm that case A was better than 

he other cases, but just showed that the overall melting devel- 

pment of case A was bad, based on the comprehensive analysis 

f Figs. 6 and 7 . For subsequent development stages of the melt- 

ng process ( t = 2800s as an example), case C showed the most 

rominent consistency of melting behavior. It was reflected that 

daptive metal foam arrangement in case C could better match the 

hase change heat transfer features of different regions based on 

he comprehensive strengthened effect of heat conduction and nat- 

ral convection to the maximization. 

.2. Temperature distribution 

To better illustrate the enhancement of adaptive non-uniform 

etal foam arrangement on phase change heat transfer, the tem- 

erature distribution of PCM regions is shown in Fig. 10 . At 

 = 10 0 0s, the temperature of the PCM only rose to the melt-

ng point in the region close to HTT. As the melting ( t = 20 0 0

), thermal stratification appeared in case B and case C due to 

he appearance of a large amount of liquid PCM, while the over- 

ll temperature of the PCM region in case A was still at a low 

evel. For t = 30 0 0 s and 40 0 0 s, the liquid phase PCM performed

ensible heat storage, while the solid phase PCM performed latent 

eat storage, which resulted in thermal stratification manifested as 

igher in the top region than in the bottom region in all TES tubes. 

he thermal stratification in PCM followed the convection direction 

nd was generated due to strong natural convection. The flow of 

igh temperature liquid PCM under natural convection contributed 

o the thermal transport during the phase change throughout the 

ES tube. It was worth noting that only in case A, the thermal de- 

amination was also reflected in the radial direction, which illus- 

rated the poor performance of uniform metal foam in overcoming 

adial thermal resistance. Thermal delamination in the radial direc- 

ion was an important problem that hindered the thermal trans- 

ort of the overall TES, notably the melting of the outer region, so 

he adaptive non-uniform metal foam arrangement (case B and C) 

as proposed. It could be seen more clearly that case B and case C 

ad nearly parallel isotherms, while case A had inclined isotherms. 
12 
t could be also found that at the same time, the vertical TES tube 

ith adaptive non-uniform metal foam arrangement (case B and 

) could achieve more thermal energy storage than that of case A, 

hich was the most important factors for designing a more effec- 

ive TES system, favoring the potential for further advances in TES 

pplications. 

To quantitatively demonstrate the effect of the metal foam mor- 

hology on local thermal transport, the transient average temper- 

ture and integral average temperature response rate of total PCM 

egion and three subregions were depicted in Fig. 9 . The transient 

verage temperature was calculated by an area-average tempera- 

ure of CFPCM domain. The integral average temperature response 

ate RR was adopted for characterizing average rate of temperature 

hange over the entire melting process, which was expressed by: 

R = 

∫ t full 

0 

1 

t full 

T ( t i ) − T ( t i −1 ) 

( t i − t i −1 ) 
d t (17) 

here T ( t i ) and T ( t i -1 ) were the temperatures at t i and t i -1 . 

It could be indicated in Fig. 11 (a) – ( d ) that both case B and

ase C had higher temperature and thermal response than that of 

ase A at every time, both for the whole region and for any sub- 

egion. As mentioned in Fig. 10 and Fig. 11 , it was also observed

y the higher temperature at the final moment that adaptive non- 

niform metal foam arrangement could led to higher temperature, 

hat was greater thermal volume, with the more sensible thermal 

nergy with same latent thermal energy. Compared with the tra- 

itional uniform structure [46] , the improvement of integral aver- 

ge temperature response rate as maximally much as 16.26 % was 

chieved by the metal structure of 0.92–0.94–0.96. It was verified 

hat compared the case A [46] , melting properties of inside, inter- 

ediate and outside subregions in case C could result in the heat 

ransfer acceleration of 16.02 %, 16.38 % and 16.39 %, respectively. 

.3. Flow characteristic 

Fig. 12 showed velocity field of vertical TES tube with uniform 

case A) and adaptive non-uniform metal foam arrangement (case 

 and C) at t = 10 0 0 s, 20 0 0 s, 30 0 0 s and 40 0 0 s. With the ap-

earance of melted paraffin, affected by the uneven temperature 

istribution, the liquid paraffin produced a flow under the action of 

he gravitational field, resulting in natural convection. Natural con- 

ection played a key role in phase change heat transfer, especially 

n PCM regions far from heat source (HTT). When t = 10 0 0s, melt-
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Fig. 10. Temperature evolution of vertical TES tube with uniform (case A) and adaptive non-uniform metal foam arrangement (case B and C) at t = 10 0 0 s, 20 0 0 s, 30 0 0 s 

and 40 0 0 s 

13 
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ng had occurred in the area immediately adjacent to the HTT, and 

here was stronger natural convection along the wall of the HTT 

han at a distance. Case B and case C had wider and longer flow 

egions than case A. At the same time, it was observed that high 

elocity regions at the solid-liquid interface, which were gener- 

ted by liquid paraffin flow scouring. With the appearance of more 

nd more liquid paraffin, the flow range of liquid paraffin became 

arger and larger, gradually extending axial downward and radial 

utward, as shown in t = 20 0 0 s, 30 0 0 s. Liquid paraffin flowing in

ase B and case C can flow more quickly to the bottom and outer 

egions of the vertical TES tube. The rapid development of natu- 

al convection will be beneficial to the whole melting process. At 

 = 40 0 0 s, the velocity of liquid paraffin at the phase interface

n case A was significantly lower than that in case B and case C, 

here weak natural convection led to poor heat transfer perfor- 

ance, which was not conducive to the melting of solid paraffin 

n the outer bottom. 

Velocity vector and vorticity contour of vertical TES tube with 

niform (case A) and adaptive non-uniform metal foam arrange- 

ent (case B and C) at t = 10 0 0 s, 20 0 0 s, 30 0 0 s and 40 0 0 s

ere shown in Fig. 13 . Vorticity was adopted for describing vor- 

ex motion and was defined as the curl of the fluid velocity vec- 
ig. 11. Transient average temperature ( T / ◦C) and integral average temperature response

ube with uniform (case A) and adaptive non-uniform metal foam arrangement (case B an

14 
or. There were many vortices of different sizes in liquid paraffin. 

ortices brought about more intense thermal disturbances, result- 

ng in the more forceful natural convection, which could stimulate 

elting development. As melting developed, liquid paraffin parti- 

les flowed, rotated, and moved, visually demonstrating the devel- 

pment of natural convection. Meanwhile, it was observed that the 

ront interface of the vorticity cloud image and the phase interface 

orphology extended in the axial and radial directions were con- 

istent, which shows that natural convection played an important 

ole in the development of the phase transition process. The vortic- 

ty distribution in the liquid region characterizes the flow strength 

f the liquid paraffin particles, and the vorticity at the solid-liquid 

nterface could reflect the velocity gradient. At t = 10 0 0s, the area 

here natural convection occurred in case A was smaller than that 

n case B and case C, and the growth and development of vortices 

as weak and slow. When t = 20 0 0s and 30 0 0 s, compared with

ase A, the vorticity in case C became stronger and stronger due 

o more liquid paraffin and proper porosity, resulting in the higher 

orticity. Because natural convection was affected by the flow re- 

istance generated by the metal foam skeleton, vortex development 

n the inside subregion of case B was limited, as shown in vorticity 

ontour. At t = 40 0 0 s, case B benefited from the minimum flow
 rate ( RR / ◦C ·s −1 ) of (a) total PCM region, (b) S in , (c) S m and (d) S out in vertical TES 

d C) 
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Fig. 11. Continued 
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esistance due to a greater porosity of 0.99 than others, achieved 

he stronger vorticity in the solid liquid phase interface of outside 

ubregion, which indicated the greater velocity gradient causing 

he greater erosion of solid-liquid front. While the flow in the in- 

ide and intermediate subregions was weak with smaller vorticity, 

hich was limited by low porosity. So, the development of natu- 

al convection in the whole PCM region cannot be strengthened to 

he maximum extent in case B. But for case C, due to optimal non-

niform metal foam arrangement, the development and movement 

f vortices in the whole PCM region in both axial and radial di- 

ections showed significant advantages compared with case A and 

ase B. 

.4. Heat flux 

Heat flux is one of the most important melting characteristics 

or thermal energy storage tank, which could describe the transient 

eat transfer transient in PCM region. q is defined as follows: 

 = 

∫ t f ull 

0 
qdt 

t f ull 

(18) 

here t full is total melting time. Fig. 14 depicts the transient heat 

ux q and average heat flux q of vertical TES tube with uniform 
15 
case A) and adaptive non-uniform metal foam arrangement (case 

 and C). During the melting process, the uniform metal foam ar- 

angement could lead to slower heat transfer compared with adap- 

ive non-uniform metal foam arrangement before 2500 s. The case 

 as the optimized adaptive non-uniform metal foam arrangement 

ould achieve 5.64% improvement of heat flux for the whole melt- 

ng process. 

The improvement of thermal performance in vertical TES tube 

ncluding melting process and phase change heat transfer was 

emonstrated in comparison of case A, case B and case C, as shown 

n Figs. 5–14 . It also mentioned the combined enhancement was 

aused through natural convection and heat conduction. To further 

iscussion the reasons for the reinforcement, Fig. 15 showed the 

ifference between the porosity of outside subregion and inside 

ubregion, the average porosity, and the enhancement ratio ER of 

ertical TES tubes with adaptive non-uniform metal foam arrange- 

ent (case 2- case 18). The enhancement ratio associated with 

omplete melting time was the ratio of the difference between gra- 

ient and uniform metal foam tube to original uniform metal foam 

ube, which was expressed as: 

R = 

t full −casei − t full −case1 

t full −case1 

(19) 
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Fig. 12. Velocity field of vertical TES tube with uniform (case A) and adaptive non-uniform metal foam arrangement (case B and C) at t = 10 0 0 s, 20 0 0 s, 30 0 0 s and 40 0 0 s 
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As shown in Fig. 15 , the solid squares in yellow, pink, light 

reen, blue, brown and gray represented the porosity gradients 

f non-uniform metal foam TES tubes of different groups, respec- 

ively. The red triangles represented the average porosity values 

f the entire PCM region for corresponding metal foam struc- 

ures, while the green curve represented the melting rate en- 

ancement rate. It was reported form the Fig. 15 that with the 

ame porosity of intermediate subregion, the reduction of the 

ifference of εout and εin led to the more significant enhance- 
ig. 13. Velocity vector and vorticity contour of vertical TES tube with uniform (case A)

0 0 0 s, 30 0 0 s and 40 0 0 s 

17 
ent, which was resulted from the combination of heat conduc- 

ion and natural convection of phase change thermal transport be- 

ng strengthened. It was found that for the same porosity of inside 

ubregion, the smaller difference between other subregions corre- 

ponded to the smaller average porosity was, the better the heat 

ransfer performance was resulted in. But it was inevitable that 

he smaller porosity could occupy more space causing a reduction 

n latent thermal volume and make TES tube heavier and more 

xpensive. 
 and adaptive non-uniform metal foam arrangement (case B and C) at t = 10 0 0 s, 
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Fig. 13. Continued 
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Therefore, considering thermal capacity, weight and cost of TES 

ubes, 10 TES tubes filled with adaptive metal foam with aver- 

ge porosity of 0.94 (case 19-Case 28) were proposed to explore 

he adaptive arrangement strategy that can achieve the maximum 

trengthening of natural convection under the same heat conduc- 

ion enhancement. These cases were divided into 5 groups accord- 

ng to the porosity of inside subregion, and metal foam structures 

ere listed in Table 3 . 
18 
Fig. 16 depicted melting time represented by bars and the 

orosity difference represented by solid square of vertical TES tube 

ith the same average porosity of 0.94. It was demonstrated that 

he adaptive non-uniform metal foam arrangement with structure 

f 0.87–0.94–0.97 (case 19) was the most optimal design. Case 19 

ith the porosity difference of 0.1 reached the minimum melting 

ime of 4590 s, which achieved the maximization of natural con- 

ection under the average porosity of 0.94, resulting a reduction 
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Fig. 14. Heat flux ( q / W ·m 

−2 ) and average heat flux ( q / W ·m 

−2 ) of vertical TES tube with uniform (case A) and adaptive non-uniform metal foam arrangement (case B and C) 

Fig. 15. The difference porosity between inside and outside region ε out −in , the average porosity ε a v e , and the enhancement ratio ( ER / %) of vertical TES tubes with adaptive 

non-uniform metal foam arrangement (case 2- case 18) 

Fig. 16. Melting time ( t full / s) and the difference porosity between inside and outside region ε out −in of vertical TES tube with the same average porosity εave 

19 
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Table 3 

The metal foam porosity morphologies of adaptive metal foam arrangement 

with average porosity of 0.94. 

εin εm εout 

case19 0.87 0.94 0.97

case20 0.89 0.94 0.96

case21 0.86 0.93 0.98

case22 0.91 0.93 0.96

case23 0.86 0.92 0.99

case24 0.88 0.92 0.98

case25 0.90 0.92 0.97

case26 0.87 0.91 0.99

case27 0.90 0.91 0.98

case28 0.89 0.90 0.99
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s much as 17.15 % of complete melting time, compared with the 

raditional uniform structure [46] . It was revealed that the greater 

eat transfer enhancement t was achieved by the adaptive metal 

oam arrangement with the larger intermediate porosity and the 

arger porosity difference of inside and outside porosity, which has 

hown great potentiality for the efficient vertical metal foam TES 

ystem as light and as economical as possible, also avoiding at the 

xpense of thermal energy capacity. 

. Conclusion 

A series of numerical outcomes were carried out to investigate 

ptimization of adaptive metal foam arrangement for vertical TES 

ube. Firstly, a two-dimensional symmetric simulation model, val- 

dated by the experimental results, of vertical TES tube impreg- 

ated with paraffin and metallic foam with varied porosity (case 2- 

ase 18) was conducted to compared to uniform structure (case 1). 

hen, the homogeneity of melting fraction and temperature, pro- 

ression of the melt front, temperature distribution were provided 

or analysis the synthetic optimization of natural convection and 

eat conduction. In addition, graded metal foam structures (case 

9- case 28) with the same average porosity were proposed and 

iscussed for exploring the maximum enhancement of natural con- 

ection under the same heat conduction enhancement. Conclusions 

ere drawn as follows: 

1) In the adaptive metallic foam arrangement with increasing 

porosity gradient from inside to outside, for the same poros- 

ity of intermediate subregion, the properly smaller difference 

between inside and outside subregions corresponded to the 

smaller average porosity was, the better the heat transfer per- 

formance was resulted in, which caused from the combination 

of heat conduction and natural convection of phase change heat 

transfer being strengthened. Compared with the uniform de- 

sign, the metal foam structure (0.92–0.94–0.96) could achieve 

the reduction of the charging time by 13.00 % and the improve- 

ment of integral average temperature response rate as much as 

16.26 %. More intense natural convection with stronger liquid 

paraffin vortex could be obtained by adaptive metallic foam ar- 

rangement. 

2) Considering that the smaller average porosity of the whole TES 

tube could occupy more space causing a reduction in latent 

thermal volume and make TES tube heavier and more expen- 

sive, the numerical results about adaptive metal foam with the 

same average porosity indicated the greater heat transfer en- 

hancement was achieved by the larger intermediate porosity 

and the larger porosity difference of inside and outside poros- 

ity. 

3) Directed by the optimized adaptive metal foam arrangement 

strategy, the optimization of vertical thermal energy storage 

tube could significantly shorten the melting duration as max- 

imal as 17.15% in comparison to the original uniform design, 
20 
which contributed to the design of the efficient vertical metal 

foam TES system as light and as economically efficient as possi- 

ble, without sacrificing the expense of thermal energy capacity. 
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