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A B S T R A C T

Latent heat thermal energy storage system (LHTES) based on copper foam composed phase change materials 
(CPCMs) has great potential in regulating the thermal management of the electronic devices. When applied in the 
aerospace field, heat transfer performance of CPCMs can be affected the dynamic volumetric forces, significantly 
impacting the temperature control of the internal electronic devices. This paper experimentally and numerically 
assesses the heat transfer performance of the copper foam/paraffin CPCMs under volumetric forces. The direction 
of the equivalent gravitational acceleration was perpendicular to the heat flux direction by adjusting the tilt 
angle and rotation speed of the phase change unit. Three gravity conditions, of namely microgravity, constant 
gravity and supergravity, are introduced in this investigation. The supergravity significantly enhances liquid 
natural convection, while microgravity suppresses it, thereby slowing down the melting rate of CPCMs. The 
porosity of the copper foam is found to be able to shorten the total melting time of CPCMs and lower the 
temperature of the heat wall surface. The pore density of the copper foam exerts substantial influence on the 
solid-liquid phase interface evolution of CPCMs. The melting time of CPCM and the heat wall temperature 
decrease with the augment of the pore density of the copper foam. A non-uniform gradient phase change unit 
consisting the high porosity copper foam in the upper part and the low porosity copper foam in the bottom part is 
designed to enhance the heat transfer performance. The total melting time of CPCM in the gradient phase change 
unit is shortened by 6.7 %, and the heat storage rate is enhanced by 7 % under normal gravity. In conclusion, the 
research contributes to the LHTES application subjected to various dynamic volumetric forces.

1. Introduction

The extensive application of intelligent technology has given rise to 
advanced and sophisticated electronic devices, which also could be 
considered an important evolution direction in this field [1]. The related 
increase in the power density of electronic devices results in the tem
perature rise of the devices and increasing thermal load [2,3]. Prolonged 
work at overheating temperature will seriously affect the stability and 
reliability of the electronic device operation, evolving into the main 
failure of the electronic equipment [4–6]. It is beneficial to develop a 
high-performance temperature control strategy to ensure safe and reli
able operation of the electronic devices.

The LHTES technology offers the advantages of high energy storage 
density and nearly constant phase change temperature, making it a 

suitable mean to regulate the heat performance of the electronic 
equipment [7–9]. Moreover, the LHTES belongs to a passive tempera
ture control without external energy input, spontaneously realizing 
energy storage or release based on the external temperature fluctuation. 
Heat transfer performance of conventional LHTES systems is restricted 
by the poor thermal conductivity of PCMs, leading to the inferior 
responsiveness to thermal loads and their applications [10,11]. The 
metal foam featured with stable structure, light weight and high thermal 
conductivity becomes a promising approach to enhance the heat transfer 
of PCMs [12–14].

The metal foam based CPCMs are generally prepared via the vacuum 
adsorption method [15–17]. Obtained results reported in available lit
eratures demonstrate that the thermal conductivity of CPCMs can be 
noticeably improved by the incorporation of metal foams [18,19]. This 
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has the beneficial effect of accelerating the PCM phase transition rate 
and reducing the internal temperature gradient of PCMs [20–23]. Yang 
et al. [24] confirmed that the skeleton of the metal foam and the adja
cent PCM exists local non-thermal equilibrium. The heat transfer per
formance of the CPCMs was closed related to the cell type and 
distribution of the metal foam. Diani et al. [25] verified that the local 
heat accumulation has been improved and the phase change unit con
taining CPCMs exhibited better temperature control performance. The 
porosity of the metal foam is found to have negative effect on phase 
change heat transfer of CPCMs. The lower porosity of the metal foam 
leads to a faster melting rate of the CPCMs. Meng et al. [26] ascertained 
that the total melting time was reduced by 68.7 % when the porosity 
reduced from 98 % to 88 %. Contrarily, the heat transfer performance of 
the CPCMs can only be slightly affected by the pore density of the metal 
foam. Whereas, addition of the metal foam will decrease the volume of 
PCMs and inhibit the flow of liquid PCMs.

The pore distribution of metal foam also significantly impacts the 
phase change heat transfer characteristics of CPCMs [27]. Joshi et al. 
[28] designed the phase change unit filled with the 75 % metal foam to 
make full use of the liquid natural convection, basically achieving the 
identical effect to the metal foam fully filled case. Shen et al. [29] found 
that a graded pore density structure effectively improved temperature 
uniformity in the early stages of melting, with the combination of 30 PPI 
and 40 PPI reducing temperature differences along the same horizontal 
plane by 71.4 %. Guo et al. [30] discovered that a smaller difference 
between the inside and outside subregions resulted in more intense 
natural convection and better thermal performance. The optimally 
adaptive metal foam strategy could significantly shorten the melting 
duration up to 17.15 %. Li et al. [31] proposed a nonuniform structure 
for the composite PCM to address the solid PCM dead zone when applied 
in PV thermal management. The energy density of a case with a dead 
zone porosity of 0.80 was 6.8 % higher than that with a dead zone 
porosity of 0.95. Kotb et al. [32] suggested that positive porosity gra
dients significantly improved the melting rate and energy storage per
formance. It is specifical that a positive gradient in the x-direction and y- 
direction reduced the melting time by 10.4 % and 16.74 % compared to 
the uniform porosity configuration. In all, the above researches indicate 
that PCMs incorporated into the non-uniform structure of metal foam 
present excellent flow characteristic, leading to noticeable improve
ments in local heat transfer within the CPCM region. An enhancement in 
overall heat transfer performance of the CPCMs can be rationally ach
ieved in the no-uniform strategy.

Phase change thermal management systems for aircrafts, power cars 
and other electronic devices will be subjected to dynamic forces other 
than gravity due to changes in acceleration and deceleration environ
ment [33,34]. The dynamic volume force will play a substantial role in 
heat transfer and liquid flow of the PCMs, complicating the phase 
change heat transfer of metal foam based CPCMs. Numerous studies 
have employed an article image velocimetry (PIV) technology to mea
sure the phase transition interface and velocity of PCM within the phase 
change units installed in a rotating visualization experimental device 
[35–38]. Changing the centrifugal force can generate various equivalent 
gravitational forces. Li et al. [39] identified that the natural convection 
of PCM played a key role in the melting process. The heat transfer 
mechanism of CPCMs changed from convection-dominated to heat 
conduction-dominated with the augment of supergravity. Kansara et al. 
[40] found that microgravity had significant influence on melting of 
CPCMs while less impact on their solidification. The PCM average liquid 
fraction gradually decreased by 18 % as the value of gravitational ac
celeration reduced from g to g/80. Li et al. [41] disclosed that increasing 
the supergravity made the CPCM melting interfaces more inclined, 
which resulted from the interaction of primary convection and second
ary convection during the charging process. Other studies showed that 
heat transfer performance of CPCMs hardly changed with the pore 
density variation of the metal foam [42,43,45,46]. Wang et al. [44] 
discussed the effect of heat source location on the melting behavior of 

CPCMs under supergravity. The bottom heating was found to be the 
optimal location, saving approximately 60.24 % melting time compared 
to the side heating case.

These previous finds suggest that the utilization of metal foam rep
resents an effective methodology to improve the low thermal conduc
tivity of PCM. The configuration of the metal foam facilities thermal 
storage enhancement of the phase change units. The change in external 
force can significantly alter the natural convection of liquid PCM, which 
in turn affects the temperature distribution and phase interface devel
opment of CPCMs inside the thermal storage units. However, there is 
limited research towards the shift between thermal conduction and 
convection of PCMs in response to gravitational forces. Temperature of 
the heat source and the temperature distribution of the PCM inside the 
phase change units subjected to supergravity and microgravity have 
been largely unexplored. Only limited attentions have been paid to the 
detailed layout of the metal foam to address the heat transfer perfor
mance of the phase change units. This paper aims to investigate the 
phase change heat transfer of CPCMs during the melting process under 
various dynamic force conditions. A two-dimensional numerical model 
of the phase change units is established based on the experiments. Effect 
of the pore parameter on heat transfer of CPCMs in response to diverse 
gravitational forces is then numerically evaluated. A gradient metal 
foam strategy is finally developed with the objective of optimizing the 
CPCM heat transfer performance. The expected research findings will 
contribute to reveal influence of the dynamic load on the heat transfer 
mechanism of CPCM.

2. Methodology

A combination of experimental testing and numerical simulation are 
employed in this investigation. The numerical model is firstly built on 
the basis of a rational physical model. The experimental results are then 
conducted to determine the phase change heat transfer characteristics. 
Obtained experimental results are further utilized to verify the numer
ical model. This paper adopts the validated numerical model to analyze 
the impact of pore parameters in the copper foams on heat transfer 
performance of the CPCMs subjected to various gravitational forces.

2.1. Experimental test

This paper employs a mechanically rotating platform to conduct 
equivalent experiments, as illustrated in Fig. 1. The experimental 
apparatus consists of five modules: a phase change unit, a DC power, a 
data acquisition instrument and a computer. The power module mainly 
includes a motor, a turntable, a base and a speed controller. The turn
table is driven by a motor through a shaft, and its speed is adjusted by a 
speed regulator with the purpose of simulating an equivalent dynamic 
volume force. The phase change units are composed of paraffin, copper 
foam, a PC container and a thermal insulation shell. The copper foam 
(80 mm × 80 mm × 10 mm, Kunshan GuangJiaYuan new materials Co. 
Ltd., China) is first positioned within the PC container. The paraffin 
RT42 is used as the PCM with the thermophysical properties listed in 
Table 1 [35,36]. The liquid paraffin pre-melted at 338.15 K is then 
injected into the PC container in a stepwise manner to prevent the for
mation of bubbles. The phase change units generally solidify at room 
temperature and the excess paraffin is polished. The upper surfaces of 
the phase change units are sealed with the aid of sealants. Several 
thermal couples are buried into the phase change units to accurately 
record the transient temperatures of the phase change unit. The phase 
transition interface is captured at five-minute intervals using a digital 
camera.

The supergravity/microgravity simulated in this study are repre
sented by an equivalent static volumetric force. This method is valid for 
investigating effects of steady forces on phase change heat transfer. The 
phase change unit is subjected to two working forces of gravity and 
centrifugal force. The direction of the combined force is in parallel with 
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the heating wall, through simultaneously regulation of the tilt of the 
phase change unit and the magnitude of the centrifugal force. The di
rection of the heat flow is always maintained perpendicular to that of the 
combined working force during the experimental test. The lateral 
heating of devices under various gravitational forces is implemented 
during the experiments. The actual gravity is a vector synthesis of the 
horizontal centrifugal force and vertical gravity through Eq. (1). Taking 
the experimental conditions and safety into consideration, this paper 
selects four centrifugal forces of 0 g, 1 g, 3 g and 5 g. The corresponding 
supergravity is determined as 1 g, 1.4 g, 3.2 g and 5.1 g with the angles 
between the phase change unit and the horizontal direction of 90◦, 45◦, 
18.4◦ and 11.3◦, respectively. 

ah =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ω2r)2
+ g2

√

(1) 

where ah is the supergravity, m/s2; ω is the rotating angular velocity of 
the phase change unit, rad/s; r is the rotating radius of the thermal en
ergy storage unit, m; g is the constant gravity, g = 9.81 m/s2.

The detailed experiments are conducted as follows: The whole 
experimental system is firstly suffered to a centrifugal force to create a 
target external force environment. The heating module is then turned on 
when the experimental system reaches a stable state. The thermal 

performance of PCMs will be measured in the next step. We adopt the 
reverse order to shut down the devices when the experimental deter
mination is finished. Given that the time to reach heating stability is 
relatively short, it is rational to neglect its impact on the experimental 
findings. We also have added this part into the manuscript.

The accuracy and method of measurements is calculated in this 
investigation. The distance between the heat storage unit and the center 
of the circle is about 1.2 %. The uncertainty of the rotational speed is 1.7 
%. Therefore, the uncertainty of the centrifugal acceleration is 2 %. The 
temperature uncertainty based on the K-type thermocouples is 1 %. 
Through theoretical calculations and actual weighing, it was found that 
the mass error of CPCM is about 2.8 %. The uncertainty of PCM complete 
melting time is about 1.6 %. The uncertainty of the true density of the 
heat flux absorbed by the thermal storage unit is about 4.8 %. The un
certainty of latent heat storage rate is 3.2 %.

2.2. Numerical simulation

2.2.1. Governing equations
A two-dimensional physical model of CPCMs embedded in the phase 

change unit is built in this paper as illustrated in.
Fig. 2 A two-dimensional physical model of CPCMs. 

(1) The natural convection of liquid due to the thermal buoyancy is 
subjected to the Boussinesq assumption;

(2) The liquid PCM inside the phase change unit is incompressible 
and its flow state is termed as unsteady laminar flow;

(3) The copper foam is an isotropic uniform material and the flow of 
liquid PCM embedded in the copper foam conforms to the Darcy 
law;

(4) Thermophysical parameters of the copper foam and PCM are 
constant during the melting process.

Based on the above assumption, the detailed governing equations in 

Fig. 1. Model verification analysis, (a) Experimental set-up; (b) Experimental principle; (c) Equivalent supergravity and (d) Comparison between experiment 
and simulation.

Table 1 
Thermophysical properties of PCMs.

Thermophysical properties Values

Density (solid/liquid) 920/880 kg/m3

Specific heat (solid/liquid) 2200/1800 J/(kg⋅K)
Conductivity (solid/liquid) 0.22/0.18 W/(m⋅K)
Dynamic viscosity 0.003 Pa⋅s
Latent heat 197,700 J/kg
Thermal expansion coefficient 0.00111 /K
Solid temperature 314.15 K
Liquid temperature 320.15 K
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terms of continuity equation, momentum and energy conservation 
equation are listed as follows: 

(1) Continuity equation
(∂
(
ρpcmu

)

∂x

)

+

(∂
(
ρpcmv

)

∂y

)

= 0 (2) 

(2) Momentum conservation equation

1
ε

(∂
(
ρpcmu

)

∂t

)

+
1
ε

(∂
(
ρpcmuu

)

∂x
+

∂
(
ρpcmvu

)

∂y

)

= −
∂p
∂x

+
μ
ε

(
∂2u
∂x2 +

∂2u
∂y2

)

+ Sx

(3) 

1
ε

(∂
(
ρpcmv

)

∂t

)

+
1
ε2

(∂
(
ρpcmuv

)

∂x
+

∂
(
ρpcmvv

)

∂y

)

= −
∂p
∂y

+
μ
ε

(
∂2v
∂x2 +

∂2v
∂y2

)

+ Sy

(4) 

Sx = Amush

(
(1 − f)2

f3 + η

)

u −
μ
K

u −
1̅
̅̅̅
K

√ Ciρpcmu
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 + v2

√
(5) 

Sy = Amush

(
(1 − f)2

f3 + η

)

v −
μ
K

v −
1̅
̅̅̅
K

√ Ciρpcmv
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 + v2

√
+ ρpcmaβ(T − Tm)

(6) 

where Sx and Sy are the resistance source terms in x, y directions, 
respectively; ρ is the density of material, kg/m3; u, v is the velocity in x, y 
directions, m/s; τ is the time, s; ε is the porosity of copper foam; μ is the 
dynamic viscosity, Pa⋅s; Amush is the coefficient of mushy area; η is the 
constant; Ci and K denote the inertia resistance coefficient and the 
permeability; β refers to the thermal expansion coefficient; α represents 
the acceleration in the direction of gravity.

The mushy zone constant Amush and liquid fraction threshold η are 
set to 1 × 105 and 0.001 [38], respectively, following the recommen
dations of Brent [39] and Voller [40]. These values ensure negligible 
artificial damping in the liquid region (f → 1) while suppressing 
unphysical velocities in the solid region (f → 0). 

(3) Energy conservation equation

Since there exists thermal non-equilibrium between copper foam and 
PCMs, two energy conservation equations are built in this investigation.

For PCM: 

ε
(∂
(
ρcpTp

)

∂τ

)

+ ε
(∂
(
ρcpcmu

)

∂x
+

∂
(
ρcpcmv

)

∂y

)

=
∂

∂x

(

ke,pcm
∂Tpcm

∂x

)

+
∂

∂y

(

ke,pcm
∂Tpcm

∂y

)

− ερLh
∂f
∂τ+hsfαsf

(
Ts − Tpcm

)
(7) 

For copper foam: 

(1 − ε)
(

∂(ρccuTcu)

∂τ

)

=
∂

∂x

(

ke,cu
∂Tcu

∂x

)

+
∂
∂y

(

ke,cu
∂Tcu

∂y

)

+ hsf asf
(
Tpcm − Tcu

)

(8) 

where ke, ke,pcm and ke,cu are the effective thermal conductivity of CPCM, 
PCM and copper foam, respectively, W/(m⋅K); c is specific heat capacity 
of PCM, J/(kg⋅K); L is latent heat of PCM, J/kg; hsf is the interfacial heat 
transfer coefficient between PCM and copper foam, W/(m2⋅K); αsf is the 
surface area of the copper foam skeleton, m2; f is the liquid fraction 
obtained from Eq. (9). 

f =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0 , T < Tm1

T − Tm1

Tm2 − Tm1
, Tm1 < T < Tm2

1 , T > Tm2

(9) 

where T is transient temperature of PCM, K; Tm1 and Tm2 are respectively 
the solidification and melting temperatures of PCM, K.

2.2.2. Thermophysical properties of copper foam
Structurally speaking, the copper foam consisting of a metal skeleton 

structure and the internal interstitial spaces is assumed to have homo
geneous porosity and isotropic pore distribution. It can be characterized 
by parameters such as pore diameter (dp), skeleton diameter (dl) and 
specific area (αsf). These parameters are determined through the 
following empirical Eqs. (10)–(12). 

dp = 0.0254
/
PPI (10) 

dl = 1.18⋅dp⋅
̅̅̅̅̅̅̅̅̅̅̅
1 − ε
3π

√ /⎛

⎝1 − e−
1− ε
0.04

⎞

⎠ (11) 

asf = 3π

⎛

⎝1 − e−
1− ε
0.04

⎞

⎠

(
0.59dp

)2 dl (12) 

where PPI and ε are pore density and porosity of the copper foam.
The viscous resistance and inertial resistance experienced by PCM 

flowing inside the copper foam is described through the empirical 
equations established by Mahajan [41]. Relations of the permeability 
(K) and inertial resistance coefficient (Ci) are exhibited in Eqs. (13)– 
(14). 

K = 0.00073(1 − ε)− 0.224
(

dl

dp

)− 1.11

dp
2 (13) 

Ci = 0.00212(1 − ε)− 0.132
(

dl

dp

)− 1.63

(14) 

The interfacial heat transfer coefficient (hsf) between the copper 
foam and PCM is calculated by means of the empirical Eq. (15). 

Fig. 2. The enthalpy-porosity method is utilized to solve the phase change heat 
transfer of PCMs and the following assumptions are made prior to the numer
ical simulation.
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hsf =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0.76Re0.4
p Pr0.37kp

dl
, 0 < Rep < 40

0.52Re0.5
p Pr0.37kp

dl
, 40 < Rep < 1000

0.26Re0.6
p Pr0.37kp

dl
, Rep > 1000

(15) 

where Re denotes Reynolds number, Rep = ρdl u
⇀
/με; Pr represents 

Prandtl number, Pr = cρμ/λ.
The widely accepted empirical equation proposed by Boomsma is 

employed in this study to calculate equivalent thermal conductivity 
(keff) of the copper foam [42]. 

keff =
1

̅̅̅
2

√
(MA + MB + MC + MD)

(16) 

MA =
4σ

(2e2 + πσ(1 − e) )kc + (4 − 2e2 − πσ(1 − e) )kp
(17) 

MB =
(e − 2σ)2

(e − 2σ)e2kc + (2e − 4σ − (e − 2σ)e2 )kp
(18) 

MC =

( ̅̅̅
2

√
− 2e

)2

2πσ2
(
1 − 2

̅̅̅
2

√
e
)
kc + 2

( ̅̅̅
2

√
− 2e − πσ2

(
1 − 2

̅̅̅
2

√
e
) )

kp
(19) 

MD =
2e

e2kc + (4 − e2)kp
(20) 

σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
̅̅̅
2

√ (
2 − 5

/
8e3

̅̅̅
2

√
− 2ε

)

π
(
3 − 4e

̅̅̅
2

√
− e
)

√
√
√
√ , e = 0.339 (21) 

2.3. Model solving

2.3.1. Boundary and initial conditions
The left surface of the phase change unit is assumed as a heat flux 

boundary of 5200 W/m2 in the temperature field, while the other sur
faces are defined as thermal insulation boundary. The initial tempera
ture of the whole phase change unit is set as 297 K. Given that the liquid 
PCM will flow within the studied region under the drive of the thermal 
buoyancy, the flow field is coupled with the temperature field. The 
surfaces of the phase change unit are designed as no-slip boundary with 
the corresponding velocity of 0 m/s.

2.3.2. Solving method
Phase change heat transfer of CPCM is studied through the finite 

volume method built in the commercial Fluent 2021R1. The PISO is 
applied to the pressure-velocity coupling, while a first-order implicit 
scheme is utilized to discretize the non-stationary term. The pressure is 
corrected through the PRESTO! algorithm. The momentum and energy 
conservation equations are discretized through a second-order wind
ward scheme. The relaxation factors of pressure, velocity, energy and 
liquid fraction are set individually to 0.3，0.7, 0.9 and 1. The conver
gence criteria of continuity, momentum and energy conservation 
equations are 10− 6, 10− 4 and 10− 4, respectively.

2.3.3. Model independence
The efficiency and accuracy of numerical investigation are closely 

related to the mesh quantity and the time step. Therefore, it necessitates 
to carry out their independence verification. This paper compares frac
tions of liquid PCMs under three grid numbers (20,000, 40,000 and 
80,000) and three iteration time steps (0.01 s, 0.1 s and 0.5 s). Fig. 3
indicates that discrepancies in the calculated results are separately 
<0.50 % and 0.42 % when the mesh number and time step are larger 
than 40,000 and 0.1 s. Furthermore, in order to⋅guarantee⋅the accuracy 
and efficiency of the numerical study, the grid number of 40,000 and the 
iteration time step of 0.1 s are employed in the calculation.

2.4. Model verification

The reliability of the numerical model is evaluated through the 
comparison between the simulation results and the experimental results 
obtained under the identical boundary conditions. The simulation 
calculation results are compared with the experimental results in terms 
of temperature for PCM situated at the center of the phase change unit. 
Fig. 1(d) indicates that the simulation results are highly consistent with 
experimental results. The boundary conditions except for the heat 
source are hypothesized as adiabatic in the simulation calculation, 
resulting in the PCM temperature rising slightly faster than the experi
mental values. The deviation between the simulated temperature and 
the measured temperature is calculated to be no >3.9 %. It is obtained 
that the numerical model and calculation method adopted in this paper 
are suitable for the reliable investigation of phase transition in phase 
change units.

3. Results and discussion

3.1. Gravity magnitude

Fig. 4 illustrates phase contours and temperature profiles of CPCM 
under various supergravity. It is observed that the phase change heat 
transfer at the initial stage (t ≤ 900 s) is dominated by conduction, when 
the supergravity is limited (a = g and a = 1.4 g). The temperature 

Fig. 3. Model independence analysis, (a) Grid independence and (b) Time step independence.
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distribution of PCM is uniform with a mild tilt angle appeared to the 
solid-liquid phase interface. The continuous phase change heat transfer 
facilitates the flow of liquid PCM. The transfer of thermal energy from 
the high-temperature fluid upwards accelerates the melting rate of the 
top of the container, resulting in a phase interface where the upper part 
melts rapidly and the lower part melts slowly. This is due to the natural 
convection of liquid PCM driven by the thermal buoyancy inherent to its 
temperature-sensitive density. More melting space and liquid PCM 
produce more violent natural convection. Under the large supergravity 
conditions (a = 3.2 g and a = 5.1 g), the top phase interface and the 
temperature profile exhibit a pronounced degree of bending at the initial 
stage, with this bending effect increasing in line with the heat transfer. 
This means that the transition period from thermal conduction to con
vection is shortened and the intensity of natural convection is enhanced 

in the a = 3.2 g and a = 5.1 g cases. Fig. 4 reveals that an increase in 
supergravity can further promote the high-temperature fluid flow, 
causing the more uneven temperature distribution within the container. 
The horizontal displacement between the top and bottom phase in
terfaces develops accordingly. It is noted that the PCM velocity at the 
solid-liquid interface decreases towards the end of the melting (t = 300 
s). The direction of the temperature gradient tends to converge to the 
direction of gravity as the supergravity rises, implying that the late stage 
of CPCM melting mainly relies on thermal conduction, both in normal 
gravity and supergravity. Fig. 4 reveals that larger supergravity induces 
less high-temperature PCM located near the heating wall. Correspond
ingly, more heat is obtained and stored in the form of sensible heat in the 
larger supergravity case.

The phase contours and temperature profiles of CPCM under various 

Fig. 4. Effect of supergravity on phase change characteristics of CPCMs.

Fig. 5. Effect of microgravity on phase change characteristics of CPCMs.
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microgravity conditions are illustrated in Fig. 5. Compared to the a = g 
case, it is found that the evolution rate of the top phase interface is 
slowed down and the isotherms in the temperature field are slightly 
curved with decline of the microgravity. This indicates that the impact 
of gravity on the development of natural convection is reduced and the 
intensity of natural convection is weakened. Particularly at a = 0.01 g, 
the phase interface is parallel to the heating wall surface, and the di
rection of the global temperature gradient is also consistent with the 
direction of heat flow. This means that the fluid flow can be rationally 
ignored under microgravity condition. The conduction is the primary 
heat transfer mode in the CPCM melting process. It is observed that a 
reduction in microgravity results in the formation of denser isotherm 
rows in the vicinity of the heat source within the CPCM. In summary, 
when the microgravity decreases, the heat transfer mechanism is char
acterized by a gradual weakening of convection and a gradual 
enhancement of conduction. Whereas, the less microgravity hardly af
fects the formation of the natural flow. The thermal conduction will 
completely dominate the phase change heat transfer, generating an 
inefficient CPCM melting process. PCM closer to the heating wall in 
microgravity cases shows higher temperature in Fig. 5, indicating that 
more thermal energy is stored in sensible heat. Meanwhile, the lower the 
microgravity, the more thermal energy is converted into sensible heat.

Fig. 6 compares the instantaneous liquid phase fraction and the 
average temperature of the heat wall surface under various gravity. 
Fig. 6(a) reports that the melting rate of PCM increases with the augment 
of supergravity. The flow intensity of the high-temperature fluid rises as 
the supergravity increases, contributing to the enhanced natural con
vection that is responsible for the melting process. Whereas, the super
gravity is found to have limited effect on the total duration of complete 
melting of CPCM. The above phase interfaces and temperature profiles 
suggest that the flow intensity can be improved by supergravity. The 
phase interface develops quickly to the left side, forming a high- 
temperature liquid zone at the top of the container. The heat transfer 
between the upper liquid zone and lower solid zone is largely controlled 
by conduction, which leads to a deceleration of the CPCM melting rate in 
the latter stage. In other words, the increase of supergravity is beneficial 
to the convection, but has the opposite effect on the convective period, 
limiting its impact on the total time required for complete melting. 
Considering the microgravity inhibits the fluid flow, it follows that the 
natural convection will diminish with an increase in microgravity. 
Thermal conduction is unable to compensate for the loss of convection, 
which then contributes to longer time for complete melting under larger 
microgravity. Additionally, the natural convection significantly affects 
the heat transfer capability between the heat wall surface and CPCM. 
Temperature changes of the heat wall surface in Fig. 6(b) indicate that 
the temperature rise rate decreases with the increase of the gravity. This 
is attributed to the natural convection enabling to improve the heat 

transfer between the fluid and the heat wall surface, which in turn 
effectively controls the temperature rise rate at the heat wall.

Buoyancy, hydrostatic pressure, and flow instability can change 
under dynamic gravity, which remarkably affects the heat transfer 
process of CPCMs. (1) Buoyancy Force. The natural convection is driven 
by the buoyancy. Supergravity enlargers the buoyancy and accelerates 
convention heat transfer. Whereas, microgravity reduces it, leading to a 
conduction-dominated heat transfer. (2) Hydrostatic Pressure. Super
gravity intensifies the hydrostatic pressure gradient, strengthening 
temperature-pressure coupling and flow instability. Conversely, micro
gravity eliminates it, stabilizing flow and restricting heat transfer. (3) 
Rayleigh Number. The natural convection can be characterized by the 
Rayleigh number (Ra). Supergravity produces large Ra that triggers 
intense natural convection within the liquid PCMs. While, microgravity 
generates low Ra, suppressing the natural convection and reducing the 
melting rate of CPCMs.

3.2. Pore parameter of copper foam

The above results fully confirm that supergravity enables to promote 
the formation of natural convection and the development of phase in
terfaces, whereas microgravity has opposite effect that prolongs the 
PCM melting time. It is identified that the pore parameters of the copper 
foam can affect the phase change heat transfer of CPCMs. This effect will 
be definitely amplified under various gravity conditions. Accordingly, 
this paper selects three force fields of a = 0.01 g, 1 g and 5.1 g, which 
correspond to microgravity, constant gravity and supergravity, with the 
objective of further investigating the effect of pore parameters on heat 
transfer of CPCM under diverse gravity conditions.

Fig. 7 analyzes the phase and temperature contours of CPCM with 
varying porosities at a = g. The effective copper content in the CPCM 
rises with a reduction in the porosity of the copper foam, noticeably 
enhancing the thermal conductivity of CPCM. It can be found that the 
lower porosity generates the larger liquid phase area and the mushy 
zone, as displayed at the middle stage of the phase transition (t = 2100 
s). Whereas, the trends of the phase interface evolution of CPCMs are 
similar. Temperature contours indicate that the internal temperature 
gradient reduces with the decline in the copper foam porosity, forming a 
more uniformed CPCM temperature distribution. The phase and tem
perature contours associated with various pore densities show that the 
larger pore density induces the less phase interface offset angle, thereby 
creating a more parallel alignment of the isotherms. This can be 
attributed to two principal factors: 1) The high pore density copper foam 
increases the flow resistance and inhibits the natural convection devel
opment of liquid PCMs; 2) The high pore density copper foam increases 
the contact area between the PCM and the copper skeleton, which fa
cilitates the development of thermal conduction along the direction of 

Fig. 6. Effect of gravity on liquid fraction and heat source temperature.
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Fig. 7. Effect of the pore parameter on heat transfer of CPCM under constant gravity (t = 2100 s).

Fig. 8. Effect of the pore parameter on heat transfer of CPCM under supergravity (t = 2100 s).
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heat flow. It is detected that the pore density of the copper foam exerts a 
more pronounced influence on the natural convection of liquid PCMs 
than its porosity. Supergravity of a = 5.1 g arises a highlighted thermal 
buoyancy that facilitates the liquid PCM to overcome the resistance 
posed by the copper foam skeleton.

Fig. 8 indicates that the evolution rate of the phase interface at the 
top of the container is markedly faster than that observed in the constant 
gravity case for all pore parameters. As the porosity of the copper foam 
increases, a non-uniform temperature distribution occurs in the mushy 
zone under supergravity, driven by the coupling effect of thermal con
duction and convection. Whereas, the high density of the copper foam is 
capable of improving this temperature uneven distribution. In addition, 
since the natural convection in the liquid phase region under micro
gravity condition (a = 0.01 g) is almost entirely suppressed, thermal 
conduction is responsible of the PCM melting process. The phase inter
face evolves in parallel with the thermal wall surface for all CPCMs, as 
plotted in Fig. 9.

The liquid fractions of CPCMs with various pore density and porosity 
over time under supergravity (a = 5.1 g), normal gravity (a = g) and 
microgravity (a = 0.01 g) conditions are separately evaluated, in order 
to reveal the influence of pore parameters on the melting process. Ob
tained results in Fig. 10 indicate that the lower porosity causes the 
smaller liquid fraction of CPCMs in the pre-melting period (t < 1300 s). 
This is attributed to the fact that low porosity CPCMs have high thermal 
conductivity, quickly transferring thermal energy to the interior of the 
container. The advantage of high thermal conductivity of CPCMs with 
the low porosity copper foam is increasingly evident during in the 
middle and late melting periods. It can be inferred that the lower the 
porosity, the faster the melting rate and the shorter the time required to 
complete the melting. These results suggest that lowering the porosity of 
the copper foam facilitates a shorter total melting time for CPCMs and 
enhanced the phase transition. It is specific that the total melting time is 
determined as 3600 s, 3620 s and 3840 s for CPCMs with porosity of 0.97 
under supergravity, normal gravity and microgravity conditions, 

respectively. In comparison to CPCMs with the copper foam porosity of 
0.93, the corresponding total melting time is reduced by 22.1 %, 25.8 % 
and 30.1 %. Meanwhile, the above results indicate that high thermal 
conduction of CPCMs with low porosity can be fully utilized in the weak 
the natural convection case.

Fig. 11 illustrates the liquid fraction of CPCMs with various pore 
density over time. The pore density of the copper foam has lower effect 
on the melting rate of CPCMs in contrast to its porosity. This results from 
the pore density characteristics of the CPCMs. Actually, the high pore 
density not only enhances thermal conduction between the copper foam 
skeleton and the PCM, but also inhibits the development of convection. 
The complete melting time of CPCMs containing the copper foam with 
the pore density of 20 PPI, 40 PPI and 80 PPI is calculated as 4060 s, 
4120 s and 4300 s under normal gravity condition (a = g).

Compared to CPCMs with the 20 PPI copper foam, the melting time 
increases merely by 1.5 % and 5.9 % for CPCMs with the 40 PPI and 80 
PPI copper foam, respectively. However, the pore density of the copper 
foam enables to alter the coupling effect between thermal conduction 
enhancement and convective inhibition under various gravity condi
tions. Under the supergravity condition (a = 5.1 g), the total melting 
time of the CPCMs containing the copper foams with the pore density of 
20 PPI, 40 PPI and 80 PPI is respectively 3980 s, 3980 s and 4020 s, 
implying that limited effect can be brought from the pore density of the 
copper foam. This can be largely explained by the fact that the buoyancy 
force drives the high-temperature fluid to overcome the flow resistance. 
The positive gain of thermal conduction caused by increasing the pore 
density of the copper foam is offset by the negative loss of convection, 
demonstrating nearly no impact on the total melting time of the CPCMs. 
Microgravity (a = 0.01 g) substantially suppresses natural convection of 
the liquid PCM. The high pore density of the copper foam produces 
larger contact area which facilitates the CPCM melting during the 
thermal conduction-driven period. Therefore, it can be established that 
the total melting time decreases with augment of the pore density. The 
total melting time of CPCM containing the copper foam with pore 

Fig. 9. Effect of the pore parameter on heat transfer of CPCM under microgravity (t = 2100 s).
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density of 40 PPI and 80 PPI is 4360 s and 4240 s, representing a 
reduction of 3.5 % and 6.1 % compared to the case with the pore density 
of 20 PPI.

Fig. 12 depicts the temperature profiles of the heat wall surface as a 
function of the porosity of the copper foam under various gravity con
ditions. It can be found that temperature profiles of the heat wall surface 
exhibit three distinct stages when subjected to constant (a = g) and 
supergravity (a = 5.1 g) conditions. Specifically, the temperature of the 
heat wall surface rises at the initial stage of melting. It remains relatively 
stable during the mid-stage melting period, before resuming an upward 
trend at the late stage of melting. The thermal energy accumulates at the 
heat wall surface as a consequence of the CPCM existing as solid at the 
initial stage, which then evaluates the temperature of the heat wall 
surface. The development of natural convection at the middle stage 
improves the heat transfer between the heat wall surface and the CPCMs. 
The temperature rise rate of the heat source can be effectively 
controlled. The late stage of melting witnesses the slowdown of the 
CPCM melting rate. The CPCM absorbs heat in the form of sensible heat, 
presenting a challenge in controlling the temperature of the heat source. 
It is detected that the temperature of the heat source increases sharply 
over time. Microgravity (a = 0.01 g) explicitly suppresses the natural 
convection of liquid, resulting in the thermal energy transferred in the 
form of conduction. The temperature of the heat source rises linearly 
with elapse of time. The heat source temperature reduces as the porosity 
of the copper foam decreases during the melting process for all heating 
conditions. The CPCMs containing copper foam with lower porosity 
means higher effective thermal conductivity, reaching approximately 
11.4 W/(m⋅K) for the copper foam porosity case of 0.90. The improved 
thermal conductivity can enhance heat transfer and eliminate the heat 
aggregation at the heat source. Therefore, reducing the porosity of the 
copper foam is beneficial to control the temperature rise rate of the heat 
source, and thereby improve the temperature control performance of 

CPCMs.
Effects of the pore density on the heat wall surface temperature 

under various gravity conditions are plotted in Fig. 12. The constant 
gravity induces the initial heat wall surface temperature decreases with 
increase of the pore density, which is attributed to the limited heat 
transfer dominated by thermal conduction. Considering the convection 
is restricted at the early stage of melting, the higher pore density of the 
copper foam means the stronger thermal conduction of the CPCMs, 
arising the relatively low heat wall surface temperature. Meanwhile, 
increasing the pore density of the copper foam is negative to the in
tensity of natural convection. Compared to the pore density of 20 PPI, 
the smooth period of the heat wall surface temperature is more hyster
etic than that observed in the case of 40 PPI pore density. The copper 
foam with the pore density of 80 PPI greatly restricts the fluid flow and 
the development of natural convection. Thermal energy is transferred to 
the interior of the container through thermal conduction. The temper
ature of the heat source is increased linearly similar to the microgravity 
condition (a = 0.01 g). Contrarily, the supergravity condition (a = 5.1 g) 
promotes the migration of high-temperature fluid by means of the 
buoyancy force. The smooth period of the heat wall surface lags with 
increase of the pore density of the copper foam. Subsequently, the 
temperature rise rate of the heat wall becomes nearly synchronous over 
time. The above results indicate that CPCM with a high pore density of 
the copper foam is suitable for short-term temperature control. The 
natural convection significantly affects the temperature trend of the heat 
wall surface. The CPCM porosity under strong convection (a = 5.1 g) has 
negligible effect on the temperature control of the heat wall surface over 
a long period of time, whereas the low pore density structure is more 
conducive to the long-term temperature control under weak convection 
(a = g). Unlike the a = g and a = 5.1 g cases, the a = 0.01 g case leads to 
the lower temperature of the heat wall surface under the higher pore 
density, which implies that the high pore density case is suitable for full 

Fig. 10. Liquid fraction and total melting time of phase change units with various porosity, (a) fliquid at a = g; (b) fliquid at a = 5.1 g; (c) fliquid at a = 0.01 g and (d) 
Total melting time.
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Fig. 11. Liquid fraction and total melting time of phase change units with various pore density, (a) fliquid at a = g; (b) fliquid at a = 5.1 g; (c) fliquid at a = 0.01 g and (d) 
Total melting time.

Fig. 12. Heat wall temperature of phase change units, (a) a = g, PPI = 20; (b) a = 5.1 g, PPI = 20; (c) a = 0.01 g, PPI = 20; (d) a = g, ε = 0.95; (e) a = 5.1 g, ε = 0.95 
and (f) a = 0.01 g, ε = 0.95.
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lifecycle temperature control of devices under microgravity. This is due 
to the fact that heat transferred from the heat source mainly relies on the 
conduction when the natural convection is completely suppressed. The 
higher pore density yields the denser arrangement of the pore units. The 
contact area between the copper foam and the PCM can be improved, 
which facilitates the heat conducted from the heat source to the CPCM.

3.3. Gradient non-uniform enhancement

Since heat transfer performance of the CPCM can be noticeably 
affected by the pore characteristics of the copper foam, a strategy of non- 
uniform arrangement of the copper foam is then designed. The total 
mass of the copper foam incorporated in the CPCM is constant under the 
average porosity of 0.95. A low-porosity copper foam (ε = 0.93) is 
placed in the solid shrinking region. Whereas, a high-porosity copper 
foam (ε = 0.97) is placed in the liquid convection region. It is expected 
that the structure optimization strategy aims to regulate the interaction 
between thermal conduction and convection during the phase change 
process to achieve enhanced thermal storage performance. The struc
tures of four non-uniform gradient copper foams (Case-1–4) are estab
lished in Fig. 13.

Fig. 14 and Fig. 15 show the transient phase interface contours of the 
four gradient non-uniform phase change units. The high porosity copper 
foam is placed near the heat wall surface in the Case-1. This leads to 
significant natural convection at the initial and middle melting stages. 
The heat is rapidly aggregated at the top of the container as the melting 
proceeds. The low-porosity copper foam stays away from the heat wall 
surface. The enhanced thermal conduction results in the hot fluid 
gathered at the top of the container. Heat is transferred from the right 
top to the left bottom region, which in turn forms solid shrinkage regions 
at the left bottom of the container. The top high-temperature fluid layer 
forms earlier and the bottom-up thermal conduction becomes more 
significant under supergravity gravity.

Compared to the normal gravity, the melting rate of CPCM under 

supergravity condition at the rear exceeds that at the front. The fluid 
under the gradient structure of the copper foam needs to traverse the 
non-uniform pores from the low porosity region to the high porosity 
region, impeding the flow development of the liquid PCM. Both Case-2 
and Case-3 structures reduce the average porosity of the copper foam at 
the bottom of the containers, which then improves the thermal con
duction along the horizontal direction and the area of the mushy zone. 
The lower-porosity copper foam existed close to the heat wall surface in 
Case-4 restricts the fluid mobility. Consequently, development of the 
natural convection during the CPCM melting is limited, resulting in a 
reduced PCM migration rate at the top phase interface. Meanwhile, the 
less porosity corresponds to the larger thermal conductivity. The melting 
rate of the CPCM along the bottom diagonal direction is increased. The 
shrinkage rate of the solid in this area lags significantly behind those of 
other gradient structures at the late stage.

Fig. 16 displays heat storage performance of phase change units in 
terms of liquid fraction, heat storage rate and total melting time. The 
melting process of CPCM is analogous to that observed at normal gravity 
and supergravity conditions. Various structures of the phase change 
units mainly affect the melting rate of CPCM at the middle and late 
stages. Case-2 presents that the high porosity area at the left top of the 
container is largest, which favors the development of liquid natural 
convection at the early stage. As the melting proceeds, the low porosity 
area at the bottom of the container rises, while the expansion of the 
overall liquid layer thickness suppresses the contribution of natural 
convection to the CPCM melting. The related melting rate of CPCM 
embedded in Case-2 declines at the middle stage. The fluid needs to flow 
from the low porosity area to the high porosity areas at the early melting 
stage in Case-3, inhibiting the development of liquid natural convection. 
The CPCM melting rate lags significantly compared to the uniform phase 
change units. The low-porosity copper foam arranged in the bottom of 
Case-3 implies that the thermal convection is weakened as the phase 
transition progresses. The CPCM has a higher longitudinal thermal 
conduction advantage at the later stage. The liquid fraction of CPCM in 

Fig. 13. Schematics of phase change units containing gradient copper foams, (a) Phase change heat transfer of CPCMs (ε = 0.95, a = g); (b) Phase change heat 
transfer of CPCMs (ε = 0.95, a = 5.1 g) and (c) schematics of gradient copper foams (ε).
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Case-3 exceeds that of the uniform structure at 3100 s and 2750 s under 
normal gravity and supergravity conditions, respectively.

In contrast, the high thermal conduction of the low porosity structure 
in the left diagonal region of Case-4 can compensate for the loss of 
convection at the early stage. The melting rate of CPCM is comparable to 
that of the uniform structure. Whereas, the high-porosity copper foam 
placed in the back-end of the structure is detrimental to the conduction- 
dominated CPCM melting process at the later stage. CPCM in Case-1 and 
Case-4 forms a solid shrinkage region that is difficult to melt, thus 
prolonging the melting period. The low porosity copper foam (Case-2 
and Case-3) arranged in the right bottom region facilitates the melting 
process, achieving reduction in the total melting time. The strength
ening effect to the CPCM melting process is most obvious in the Case-3 
both under normal gravity and supergravity conditions. Compared to 
the uniform structure, the total time to completely melt CPCM is reduced 

by 6.2 % with the latent heat storage rate increased by 6.5 % in the 
normal gravity case. Similarly, the total melting time of CPCM is 
reduced by 6.7 % with an increase of 7 % in the latent heat storage rate 
in the supergravity case.

4. Conclusions

This paper investigates the effects of various pore parameters of the 
copper foam on heat transfer performance of PCM under microgravity 
and supergravity conditions. The related volumetric forces are achieved 
by equivalent static forces combined with gravity and centrifugal ac
celeration. The direction of the heat flow is consistently maintained 
perpendicular to that of the combined working force during the inves
tigation. A local strengthening strategy of copper foam gradient layout is 
proposed to address the non-uniform melting behavior of CPCM. The 

Fig. 14. Transient phase contours of gradient CPCMs under constant gravity (a = g).
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main conclusions can be drawn as follows: 

(1) The supergravity noticeably affects the natural convection of 
liquid that is positive to evolution of the phase interface. The 
microgravity significantly inhibits the flow of liquid, leading to a 
slower melting rate of CPCM in comparison to other cases.

(2) The natural convection of liquid increases with the augment of 
gravity. No obvious changes in the total melting time of CPCM (ε 
= 0.93) can be found under supergravity and microgravity con
ditions. The heat wall surface temperatures are reduced by 7 K 
and 49 K compared to normal gravity cases.

(3) The pore density of copper foam substantially affects the evolu
tion of the phase interface under supergravity condition. The 
melting time of CPCM containing the copper foam with pore 
density of 80 PPI is shortened by 6.1 %, with the heat wall surface 
temperature 21 K lower than the pore density case of 20 PPI.

(4) The high-porosity in upper and the low-porosity in bottom 
structure has excellent melting rate and heat storage performance 
over the uniform phase change unit. The total melting time of 
supergravity case is shortened by 6.7 %, with the heat storage 
rate enhanced by 7.0 %.

(5) The gradient structure optimization scheme provides a simple 
and cost-effective strategy to improve the no-uniform melting 

Fig. 15. Transient phase contours of gradient CPCMs under supergravity (a = 5.1 g).
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issue of CPCMs. The CPCMs with enhanced thermal performance 
could benefit the thermal management of high-power electronics 
applied in aerospace, power and shipping fields.
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