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ABSTRACT 

Phase change energy storage materials are widely used in the fields of battery thermal management and solar pow-

er generation due to their characteristics of storing and releasing energy periodically. However, their further applications 

are limited by their low thermal conductivity. The addition of high thermal conductivity foams provides an effective 

method to address this shortcoming. A three-periodic minimal surface (TPMS) was used to generate an aluminum foam 

skeleton, and the variation of phase change heat storage of the aluminum/paraffin composite phase change material was 

numerically simulated based on the pore scale. The results showed that the addition of aluminum skeleton enhanced the 

heat storage and shortened the melting time, and the melting time of the composite phase change material was short-

ened by 68%, 75% and 80% when compared with pure paraffin wax at the porosity of 0.90, 0.85 and 0.80, respectively, 

and the temperature field was more uniform during the heat storage process, The thermal non-equilibrium effect be-

tween the aluminum skeleton and the paraffin wax is verified, and the lower the porosity of the aluminum/paraffin 

composite phase change material, the more obvious this effect is. 
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1. Introduction 
The increasing global energy demand, including the limited supply 

of fossil fuels and their harmful effects on the environment, has 
prompted the need for more sustainable, environmentally friendly, re-
newable energy sources, but both new energy sources, such as solar, 
wind energy, and waste heat from traditional industries, are cyclic and 
intermittent in nature. Therefore, energy storage technology has become 
a key technology to ensure efficient and stable operation of new energy 
and industrial waste heat recovery systems[1]. However, the low thermal 
conductivity of phase change materials (PCM) used in latent heat stor-
age (LHS) systems severely impairs the rate of thermal energy storage 
and release. In order to improve the thermal performance of LHS sys-
tems, numerous performance enhancement studies have been conducted. 
The results of these studies provide valuable references for the perfor-
mance improvement and optimization of LHS systems. Tau-
seef-ur-Rehman et al.[2] reviewed the enhanced heat transfer of phase 
change materials by highly thermally conductive porous materials, 
Drissi et al.[3] summarized the enhancement techniques to improve the 
thermal conductivity of paraffin waxes for low temperature phase 
change materials, Tao and He[4] reviewed the development and perfor-
mance enhancement methods of PCMs in LHS systems. To overcome 
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the limitation of low thermal conductivity of PCMs, 
there are several main methods to enhance the 
thermal performance of phase change materials, 
including insertion of fins[5,6], addition of suspen-
sion agents[7,8], foam materials[9]. Among these 
technologies, foam materials are more effective in 
improving thermal conductivity due to their large 
surface area, high porosity, high thermal conductiv-
ity, high strength, and light weight. Numerous nu-
merical simulations have been conducted on the 
solid-liquid phase change heat transfer process of 
foams from the pore scale and representative ele-
mentary volume (REV) perspective. In terms of 
REV scale, Krishnan et al.[10] proposed a 
two-temperature model considering the local ther-
mal non-equilibrium effect between the metal ma-
trix and PCM, and discussed the effects of Rayleigh 
number, Stefan number and interstitial Nusselt 
number on the melting performance of PCM. Tao et 
al.[11] conducted a numerical study of the LHS 
properties of copper foam/paraffin using a du-
al-temperature model. The effects of porosity and 
pore density on the melting rate, heat storage and 
heat storage density of the phase change material 
were investigated. Zhu et al.[12] applied the 
nonequilibrium equation to study the melting pro-
cess of paraffin in aluminum foam. The heat loss, 
average liquid flow rate and latent heat storage effi-
ciency were analytically discussed. The results 
showed that the thermal response of the composite 
could be improved by using aluminum foam with 
high PPI value or changing the shape of the cold 
wall. 

In terms of the pore scale, the pore scale not 
only takes into account the complex geometry and 
pore-scale heat flow inside the skeleton and phase 
change material. Moreover, it is not necessary to 
find out the heat transfer coefficient between the 
metal skeleton and the phase change material, 
which is helpful to reduce the model prediction er-
ror caused by the uncertainty of heat transfer coef-
ficient. In addition, the pore-scale method does not 
need to assume the thermal non-equilibrium be-
tween the skeleton and the phase change material. 
Therefore, compared with the REV-scale approach, 
the pore-scale approach is more reasonable for 
studying the melting process of composite phase 

change materials. Wang et al.[13] used a numerical 
method to construct a WP model consisting of six 
tetrahedra and two irregular dodecahedra based on 
the pore scale to simulate the melting heat transfer 
process of an open-cell foam metal at constant 
temperature. The results show that the porosity, 
thermal conductivity of the foam metal and the 
thermal conductivity of the phase change material 
have significant effects on the effective thermal 
conductivity of the composite phase change materi-
al, but the pore size has little effect on it. Abishek et 
al.[14] found that high porosity foam-metal compo-
sites are beneficial for improving and controlling 
the melting rate of phase change materials for ther-
mal energy storage and process temperature con-
trol by investigating the effect of micromorphology 
on metal-foam-paraffin composites. Hu and Gong[15] 
used numerical methods to calculate the tempera-
ture change and melting process of composite phase 
change materials based on the pore scale, and in-
vestigated the effects of geometric parameters such 
as porosity and pore density of foam metals on the 
thermal properties of the composites. Sundarram 
and Li[16] developed a three-dimensional finite ele-
ment model considering both metal and phase 
change material regions. The pore size and porosity 
effects of the PCM thermal management system as 
well as the system variables, such as heat produc-
tion and heat dissipation of the system were inves-
tigated, and the results showed that both porosity 
and pore size have a significant effect on the heat 
storage of the phase change material. In this pa-
per, based on the pore scale, the triply periodic 
minimal surface (TPMS) method was used to gen-
erate aluminum foam skeletons to investigate the 
effect of aluminum skeleton addition on the heat 
transfer of paraffin melting. 

2. Physical model and mathematical 
model 

2.1 Establishment of the three-dimensional 
physical model 

In order to describe the structure of foam ma-
terials, many scholars have made a lot of simplifi-
cations of foam materials. Xu et al.[17] assumed the 
foam metal as a regular square structure in order to 
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simulate the influence of foam materials on the 
phase change process, and the model reflects the 
advantages of foam metal such as high porosity and 
large specific surface area, and because the model is 
more regular, the mesh division is simpler and the 
calculation is less. However, the description of the 
internal structure of the real foam material is not 
detailed enough. To describe the internal structure 
of the foam material more closely, Sundarram and 
Li[16] and Annapragada et al.[18] used the face-cen- 
tered and body-centered methods to describe the 
foam material, but due to its irregular structure, the 
meshing is more difficult, the computational effort 
is larger, and the convergence is more difficult. The 
foam material used in this study is generated by the 
triply periodic minimal surface (TPMS)[19] method, 
which has been widely used in many fields due to 
its advantages of controllable porosity, pore size, 
pore shape, pore connectivity[20-23]. 

2.2 Introduction of triply periodic minimal 
surface (TPMS) 

Minimal surfaces are described mathematically 
mainly in terms of area and curvature. The area is 
described as the smallest area that the model has 
under all constraints, and the curvature is described 
as a surface with zero mean curvature of the model, 
which is the average of the maximum and minimum 
curvature at any point in space, i.e., if the mean 
curvature at any point on the surface in space is ze-
ro, the surface is called a minimal surface. A triply 
periodic surface is one that exhibits periodic varia-
tion in all three directions in space: X, Y, and Z. 

Therefore, a triply periodic minimal surface is a 
surface that exhibits periodic variation in the X, Y, 
and Z directions in space and has zero mean curva-
ture. The main methods to build TPMS are such as 
parametric method, boundary implicit method and 
surface method. TPMS has an exact parametric 
form, called Weierstrass formula, which is de-
fined by equation (1): 

 

(1) 
Where: R is the real part of the imaginary 

number; 𝜔 is the complex variable; 𝑆ሺ𝜏ሻ is the 
function that varies with different surfaces. 

Compared with the parametric TPMS form, 
implicit periodic surfaces have more advantages 
than the parametric TPMS form and can usually be 
defined as 
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(2) 
Where: 𝐴௞ is the amplitude factor, 𝜆௞ is the 

periodic wavelength, ℎ௞  is the kth lattice shed 
vector in space, r is the position vector in Euclidean 
space, 𝑝௞ is the phase, C is the constant. 

There are three common TPMS models, as 
shown in Table 1. 

Table 1. TPMS model 
TPMS Mathematical expression 
P 𝑐𝑜𝑠ሺ𝜔௫𝑥ሻ ൅ 𝑐𝑜𝑠൫𝜔௬𝑦൯ ൅ 𝑐𝑜𝑠ሺ𝜔௭𝑧ሻ ൌ 𝐶 
D 𝑐𝑜𝑠ሺ𝜔௫𝑥ሻ 𝑐𝑜𝑠൫𝜔௬𝑦൯ 𝑐𝑜𝑠ሺ𝜔௭𝑧ሻ ൅ 𝑠𝑖𝑛ሺ𝜔௫𝑥ሻ 𝑠𝑖𝑛൫𝜔௬𝑦൯ 𝑠𝑖𝑛ሺ𝜔௭𝑧ሻ ൌ 𝐶 
G 𝑠𝑖𝑛ሺ𝜔௫𝑥ሻ 𝑐𝑜𝑠൫𝜔௬𝑦൯ ൅ 𝑠𝑖𝑛ሺ𝜔௭𝑧ሻ 𝑐𝑜𝑠ሺ𝜔௫𝑥ሻ ൅ 𝑠𝑖𝑛൫𝜔௬𝑦൯ 𝑐𝑜𝑠ሺ𝜔௭𝑧ሻ ൌ 𝐶 

For a given TPMS surface, the corresponding 
TPMS entity is defined as ｛𝜑ሺｘ,ｙ,ｚሻ ൑
０,０ ൑ ｘ ൑ １,０ ൑ ｙ ൑ １,０ ൑ ｚ ൑ １ , and 
the porosity of the TPMS entity is expressed as 

 s1 / 100%V V   
 

(3) 
Where: Vs is the volume of porous skeleton 

surrounded by TPMS entities, V is the total volume 
(pore volume and porous skeleton volume). 

The pore size and porosity can be precisely 
controlled by adjusting the parameters ω and C in 
the TPMS expression. Specific operation steps: 

(1) Determine the appropriate parameters ω 
and C according to the specific porosity; 

(2) Write the code in Mathematical 
ware based on the determined mathematical expres-
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sions and generate the model, which is exported to 
STL file; 

(3) The exported STL file is imported into the 
finite element software COMSOL for calculation. 

 
Figure 1. Physical model. 

The physical model is shown in Figure 1, the 
size of the square cavity is L × W × H = 2.5 cm × 

2.5 cm × 5.0 cm, the cavity is filled with TPMS 
generated aluminum skeleton, the left wall surface 
of the square cavity is the high temperature wall 
surface, the temperature th = 50 °C, the other walls 
are adiabatic, the initial temperature t0 = 20 °C. The 
initial melting temperature is 71 °C and the temper-
ature at the end of melting is 72 °C. 

2.3 Mathematical modeling 

The composite phase change material is very 
complex in the heat transfer process, including 
convective heat transfer between metal foam and 
liquid paraffin, heat transfer between metal foam 
and solid paraffin, natural convection of liquid par-
affin, etc.  

Table 2. Physical parameters 

Material Densityρ/(kgꞏm-3) 
Specific constant pressure heat 
capacityсρ/(Jꞏkg-1ꞏK-1) 

Thermal conductivity 
k/(Wꞏm-1ꞏK-1) 

Latent heat 
L/(kJꞏkg-1) 

T1/K T2/K 

Aluminum skeleton 2,700 900 238.00    
Paraffin liquid 860 2,177 0.26    
Paraffin wax solid 900 1,500 0.26 200 298 308 

Several assumptions are made to simplify the 
calculations: (1) liquid paraffin is assumed to be an 
incompressible fluid and its flow is laminar in the 
closed space; (2) natural convection due to buoy-
ancy is simulated using the Boussinesq assumption; 
(3) thermal radiation within the composite phase 
change material is neglected; (4) the density of 
aluminum foam is constant, and the physical prop-
erties are considered homogeneous and isotropic 
except for the density of paraffin; (5) the two phases 
interface is a coupled boundary condition (i.e., at 
thermal equilibrium), and the heat flow through the 
interface is driven by the temperature gradient be-
tween the two phases. Then the two-phase boundary 
satisfies: 

sf
f s f s,

TT
T T k k

n n


 

   

(4) 
Based on the assumptions, pore-scale numeri-

cal simulations are performed.  
Control equations: 

( ) 0u
t
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(5) 
Momentum equation. 
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(6) 
In Equations (4)(6): p and T are the pressure 

and temperature of the phase change material, re-
spectively, I is the vector of X, Y and Z coordinate 
directions and gravity is considered in the simula-
tion, and F is the force source term, which consists 
of the drag force Fv generated in the paste zone and 
the thermal buoyancy force FG generated by gravity, 
expressed as 

v GF F F   

(7) 
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(9) 
In Equations (7)(9): θ is the liquid phase 

fraction of the phase change material; Amush and λ 
are the paste region constants, λ are generally taken 
as small values, mainly to prevent the denominator 
of Eq. The smaller the value, the higher the accura-
cy of the volume force, λ = 10-3; Amush are generally 
taken as larger values, Amush = 6 × 104 , these two 
paste zone constants are used to limit the develop-
ment of the paste zone velocity; g is the accelera-
tion of gravity; Tm is the temperature at which the 
phase transition occurs. 

Energy equation: 

𝜌foam 𝑐௣foam 

𝜕𝑇
𝜕𝑡

൅ 𝜌𝑐௣
𝜕𝑇
𝜕𝑡

൅ 𝜌𝑐௣𝑢 ⋅ 𝛻𝑇 

ൌ 𝛻 ⋅ ሺ𝑘foam 𝛻𝑇 ൅ 𝑘𝛻𝑇ሻ 

(10) 
Where: 𝜌୤୭ୟ୫, 𝑐௣౜౥౗ౣ

, 𝑘୤୭ୟ୫ are the density, 

specific constant pressure heat capacity and thermal 
conductivity of the metal bubble, k, 𝜌 and 𝑐௣ are 

the equivalent thermal conductivity and equivalent 
specific constant pressure heat capacity of the phase 
change material paraffin, respectively, defined as 

phasel phase 2(1 )k k k     
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(14) 
Where: kphase1 is the thermal conductivity of 

solid paraffin, kphase2 is the thermal conductivity of 
liquid paraffin; ρphase1 is the density of solid paraffin, 
ρphase1 is the density; 𝐶ఘ೛೓ೌೞ೐భ

is the specific heat ca-

pacity of solid paraffin, 𝐶ఘ೛೓ೌೞ೐
 is the specific con-

stant pressure heat capacity of liquid paraffin; L is 

the latent heat of phase change. 

3. Mesh-independent validation 
The COMSOL Multiphysics 5.4 software was 

used to generate unstructured meshes in the com-
putational domain. The physical field controls the 
grid, the grid size is set to fine, normal, and coarse 
in turn, and the grid number is 2,394,441, 1,124,215, 
and 513,084 for grid independence analysis, as 
shown in Figure 2. When the porosity of the com-
posite phase change material is 0.90, numerical 
simulation is carried out. Through the comparison 
of the calculation results under three different grid 
conditions, it was found that the difference in the 
time taken to melt completely between 1,124,215 
and 2,394,441 grids was less than 5%. Taking into 
account the accuracy and time of numerical calcula-
tion, the number of grids is 1,124,215, and the re-
sult is not affected by the grid size. 

 
Figure 2. Mesh independence analysis. 

4. Results and discussion 

4.1 Effect of the presence of skeleton on the 
phase change heat storage process 

Figure 3 shows the variation of phase field 
with time for the phase change of paraffin wax 
with/without skeleton. Red color in Figure 3 indi-
cates the melted liquid paraffin wax, blue color in-
dicates the un-melted solid paraffin wax, and be-
tween red and blue color is the molten paraffin wax 
(paste region). Figure 3(a) shows the distribution of 
phase field with time for no skeleton, and Figure 
3(b) shows the distribution of phase field with time 
for filled skeleton. For the pure paraffin phase tran-
sition, it can be seen from Figure 3 that in the early 



 

25 

stage of melting, the solid-liquid interface is almost 
parallel to the left side of the hot wall, and the heat 
transfer is mainly in the form of heat conduction, 
with the paste area perpendicular to the upper and 
lower walls.  

Figure 3. Phase field with or without framework changes with 
time. 

With the phase change, the volume expansion 
caused by the difference in density between the 
solid-liquid phase of paraffin wax, the liquid paraf-
fin wax gradually increases in volume and starts to 
flow upward under the action of the thermal buoy-
ancy force, the natural convective heat transfer be-
comes more obvious and the paste zone becomes 
inclined. For the phase change material filled with 
aluminum skeleton, the addition of the aluminum 
foam skeleton increased the effective thermal con-
ductivity of the composite phase change material 
substantially, but its skeleton structure also inhibit-
ed the flow of liquid paraffin in it to a certain extent, 
which prevented the movement of liquid high tem-
perature paraffin to the top of the solid paraffin, and 
the addition of high thermal conductivity skeleton 
obviously accelerated the phase change process and 
shortened the phase change melting The addition of 
a high thermal conductivity skeleton significantly 
accelerated the phase change process and shortened 
the phase melting time. Comparing the phase field 
diagrams with and without the skeleton at the same 
time, it can be seen that the addition of the skeleton 
thickened the paste zone of the paraffin, mainly be-
cause the addition of the high thermal conductivity 
skeleton made the heat transfer from the left side of 
the high temperature wall more rapid, which accel-

erated the melting of the overall paraffin in the 
square cavity, and the same phenomenon was ob-
served in the experiments conducted by Chen et 
al.[24] with an infrared camera. 

Figure 4 shows that the effect of the skeleton 
on the heat storage of paraffin melting is different 
when the porosity of the composite phase change 
material varies. The melting time of pure paraffin 
wax is 860 s, and the complete melting time of 
aluminum/paraffin wax composite phase change 
material with porosity of 0.90, 0.85, 0.80 is 270, 
210, 170 s, respectively, compared with pure paraf-
fin wax. The melting times of the composite phase 
change materials were reduced by 68%, 75% and 
80%, respectively, compared to pure paraffin. The 
addition of aluminum bones to the framework in-
creased the effective thermal conductivity of the 
composite phase change material due to its much 
higher thermal conductivity than paraffin wax, 
which in turn enhanced the thermal storage of par-
affin wax phase change material. The lower the po-
rosity of the composite phase change material, the 
higher the proportion of its skeleton part, the higher 
the effective thermal conductivity, and therefore the 
faster the melting rate. 

 
Figure 4. Change of liquid phase ratio with time. 

4.2 Thermal non-equilibrium effect between 
the foam and the phase change material 

To investigate the thermal non-equilibrium 
phenomenon inside the composite PCM, Figure 5 
shows the difference between the average tempera-
ture of the skeleton and the average temperature of 
the phase change material at x = 1 cm as a function 
of time. The results indicate that there is a thermal 
nonequilibrium effect in the melting process of the
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composite phase change material.  

 

Figure 5. Temperature difference change with time. 

At the beginning of the melting process, the 
temperature difference increases rapidly, main-
ly because the heat transfer through the highly 
thermally conductive aluminum skeleton is faster, 
and the aluminum skeleton heats up quickly, while 
the heat transfer through the solid paraffin wax is 
slower due to its lower thermal conductivity. As the 
melting proceeds, the temperature difference starts 
to decrease, mainly due to the transfer of heat from 
the aluminum skeleton to the surrounding paraffin 
and the natural convective heat transfer from the 
liquid paraffin. The difference between the average 
temperature of the skeleton and the average tem-
perature of the phase change material finally de-
creases to 0 K due to the enhanced natural convec-
tion of paraffin in the liquid state. As the porosity of 
the composite PCM decreases, the local thermal 
non-equilibrium effect becomes more obvious, 
mainly because the smaller the porosity is, the larg-
er the heat transfer surface area of the aluminum 
skeleton will be, resulting in a more rapid heat 
transfer through the aluminum skeleton. 

4.3 Effect of aluminum skeleton addition on 
the temperature field of composite phase 
change material 

Figure 6(a) shows the temperature distribution 
of the pure phase change material, paraffin wax, 
with time. The temperature shows an obvious gra-
dient distribution, due to the low thermal conduc-
tivity of pure paraffin wax, poor heat conduction 
ability, and the influence of natural convection 
heat buoyancy force, the temperature at the top left 

is higher than that at the bottom right, resulting in 
the accumulation of temperature at the top. The 
melting process of the composite phase change ma-
terial is shown in Figure 6(b), and the temperature 
does not accumulate in the upper left corner obvi-
ously. 

 
Figure 6. Phase field with or without framework changes with 
time. 

This phenomenon is due to the high thermal 
conductivity of aluminum foam, which facilitates 
rapid heat transfer and thus homogenizes the tem-
perature throughout the composite. Compared with 
pure paraffin, the temperature distribution in the 
composite PCM is more uniform and the melting 
time is shorter. The heat storage property of the 
phase change material can be fully utilized for heat 
storage. 

In order to investigate the uniformity of the 
internal temperature field of the composite phase 
change material, the temperatures of three points in 
the vertical direction were extracted under the con-
dition of 0.85 porosity of the composite phase 
change material, and the coordinate points were T1 
(1.00, 1.75, 0.80), T2 (1.00, 1.75, 2.00), and T3 (1.00, 
1.75, 3.20). Figure 7 shows the temperature varia-
tion of the skeleton-free characteristic points with 
time, it can be seen that the temperature differ-
ence between the three points is very large, it takes 
80 s for T1, 260 s for T2 and 520 s for T3 to reach 
the phase change temperature, the time taken to 
reach the phase change at T3 is 6.50 times that of T1, 
the time difference is 440 s, which is 2.00 times that 
of T2, and the time difference is 250 s. The phase 
transition response times after adding the aluminum 
skeleton were 20, 40, 70 s, respectively, and the 
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phase transition response times T3 were 3.50 and 
1.75 times of T1, T2, with time differences of 50 and 
30 s, respectively. It can be seen that the composite 
phase change material not only melts faster, but also 
has a more uniform temperature field distribution 
compared to pure paraffin.  

 
Figure 7. Temperature curve of characteristic points without 
skeleton.[26] 

The temperature difference along the vertical 
direction in the phase change heat storage pro-
cess between the composite and pure paraffin is 
mainly due to the fact that the paraffin wax near the 
heating wall melts first, accompanied by volume 
expansion, driven by the thermal buoyancy force 
and the density difference, the liquid high tempera-
ture paraffin wax moves upward to the top surface 
of the paraffin material, so that the temperature dis-
tribution in the height direction is more different. In 
contrast, in the aluminum foam/paraffin composite 
phase change material, the temperature difference 
along the height direction is significantly smaller 
than that of the single paraffin wax, which is 
caused by the difference in the heat transfer mode 
within the two materials. The presence of the alu-
minum foam skeleton in the composite makes the 
velocity field development of the liquid paraffin 
within the material limited and the natural convec-
tion weakened, while the high thermal conductivity 
of the foam skeleton makes the overall heat transfer 
mode of the composite phase change material con-
ductive. In the phase change heat storage process of 
the two different phase change materials, liquid 
paraffin waxes both flow to the top surface, but due 
to the higher effective thermal conductivity of the 
composite phase change material, the heat can be 
transferred more quickly through the foam skeleton 

to the lower low temperature region of the material, 
resulting in a significantly reduced temperature dif-
ference in the height direction and a more uniform 
temperature distribution than that of the single par-
affin wax. The heat transfer mode of the monolithic 
paraffin is mainly natural convection, the liquid 
paraffin is driven upward by the thermal buoyancy 
force, which causes the formation of heat accumu-
lation in the upper part of the paraffin material with 
a larger temperature rise rate, while the lower part 
has a slower temperature rise rate due to the low 
thermal conductivity of the solid paraffin, therefore, 
the temperature of the monolithic paraffin in the 
height direction is lower than that of the composite 
phase change material. 

4.4 Effective thermal conductivity of alumi-
num/paraffin composite phase change mate-
rials 

Although the effective thermal conductivity 
does not reveal the phase change process, it helps to 
describe the macroscopic heat transfer phenomena. 
Although this structure in the paper is different 
from the real framework of foam metals, it can be 
properly used to analyze the heat transfer in media 
with high porosity.  

 
Figure 8. Temperature curve of characteristic points with skel-
eton. 

The effective thermal conductivity of alumi-
num/paraffin composites is calculated by numerical 
simulations at steady state for different porosity 
conditions. The upper and lower walls of the square 
cavity are at constant temperatures of 320 and 310 
K, respectively, both of which are greater than the 
temperature T2 at complete melting, and the other 
walls are adiabatic, and to simplify the calculations,
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the following assumptions are used: (1) the heat 
transfer is mainly one-dimensional heat conduction; 
(2) the heat flow in any section is equal along the 
heat transfer direction. The thermal conductivity λ 
can be solved according to the Fourier equation: 

 
(15) 

The heat flow density and temperature gradient 
at the lower wall are calculated in COMSOL soft-
ware, and the effective thermal conductivity of the 
aluminum/paraffin composite phase change materi-
al is calculated using equation (15), as shown in 
Figure 9. The thermal conductivity of paraffin is 
0.26 W/(mꞏK). The effective thermal conductivity 
of the composite phase change material is 16.84, 
12.26, 8.84 W/(mꞏK) for a porosity of 0.80, 0.85, 
0.90, respectively, which are 64, 47, 34 times than 
that of pure paraffin wax. The results show that the 
composite phase change material can significantly 
improve the thermal conductivity, and the effective 
thermal conductivity decreases with the increase of 
porosity. The numerical simulation results in this 
paper compare well with the theoretical models es-
tablished by Bhattacharya et al.[25] and Singh et 
al.[26], and the predicted results are in good agree-
ment. 

 

Figure 9. Comparison of simulated effective thermal conduc-

tivities and literature results. 

5. Conclusion 
(1) The TPMS method is used to generate the 

aluminum foam skeleton model, which is easy to 
use for enhanced thermal storage simulations and 
experiments due to its advantages of controllable 

porosity, pore size, pore shape, and pore connectiv-
ity, providing a more accurate and effective means 
for enhanced thermal storage. 

(2) The presence of skeleton has a great influ-
ence on the phase change thermal storage process. 
The addition of high thermal conductivity alumi-
num skeleton material shortens the melting time, 
and with the decrease of porosity, the melting time 
is further shortened; the paraffin wax near the alu-
minum skeleton melts first and the paste area be-
comes thicker. The melting time of the composite 
phase change material was shortened by 68%, 75% 
and 80% compared to pure paraffin wax when the 
porosity of the composite phase change material 
was 0.90, 0.85 and 0.80, respectively. 

(3) Thermal non-equilibrium phenomenon ex-
ists between aluminum foam and paraffin wax dur-
ing melting process, with the increase of porosity 
and melting time, the temperature difference be-
tween paraffin wax and aluminum skeleton de-
creases and the thermal non-equilibrium effect de-
creases. 

(4) The addition of high thermal conductivity 
aluminum skeleton not only accelerates the phase 
change of paraffin, but also promotes more uniform 
heat storage of the phase change material in the 
cavity, and the temperature uniformity of the com-
posite phase change material is significantly 
stronger than that of the pure paraffin phase change 
material in the vertical direction. 
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