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Abstract: In this study, numerical simulations are conducted to investigate the regulation mechanism of the melting 
process and the regulation laws of energy storage performance of nano-enhanced phase change materials (NEPCMs) 
composite with metal foam under the coupling of magnetic convection induced by dual-directional magnetic fields and 
natural convection. The heat capacity-porosity method, Darcy-Forchheimer model and local thermal non-equilibrium 
model are adopted to describe the melting process, flow in porous media and coupled heat transfer, respectively. The 
effects of z-direction magnetic numbers (Mn) 0 ≤ Mn ≤ 6×10!  and y-direction magnetic numbers 0 ≤ Mn ≤ 6×10!  on 
the formation and differentiation of vortices, melting heat transfer and energy storage characteristics of non-Newtonian 
fluids are discussed. It is found that the application of a magnetic field can effectively promote the melting of NEPCM 
melts. However, the competition between the dual-directional magnetic fields will mutually inhibit their promoting effects. 
This inhibitory effect further affects the heat transfer performance by disrupting the vortex structure and the morphology 
of the y-direction Kelvin force. Although the addition of y and z-direction magnetic fields leads to competition, different 
combinations of magnetic field intensity parameters result in distinct heat storage characteristics that do not simply 
increase or decrease monotonically. 

Keywords: Vortex division, dual-direction magnetic field, Kelvin force, Metal foam, Nano-enhanced phase change 
material. 

1. INTRODUCTION 

Latent heat thermal energy storage (LHTES) 
technology based on phase change materials (PCMs) 
is a research direction of great significance, with wide 
applications in precision electronic devices, battery 
thermal management, waste heat recovery systems, 
and the aerospace field. There are several mainstream 
approaches to solve the problems of poor thermal 
conductivity of PCMs and the difficulty in regulating the 
phase change heat transfer process. 

Some researchers choose to couple porous media 
with PCMs. Metal foams made of high thermal 
conductivity materials can be effectively coupled with 
PCMs, enabling more uniform enhancement of the 
composite phase change heat transfer system [1]. 
Nanoparticles are also effective materials for improving 
the internal heat transfer properties of PCMs [2]. 
Heidari et al. [3] investigated the forced convective heat 
transfer of hybrid nanofluids in channels using 
numerical methods, and the study mentioned that the 
weakening of convective effects was related to the 
influence of viscosity. During the phase change 
process, interactions between nanoparticles and those 
between nanoparticles and liquids may induce complex 
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non-Newtonian rheological behaviors. Therefore, the 
design of nano-enhanced phase change materials 
(NEPCMs) should consider the influence of non-
Newtonian effects [4, 5]. 

In addition, introducing external magnetic fields to 
regulate the phase change process has attracted the 
attention of many scholars in recent years. Ali et al. [6] 
carried out a numerical study on the magnetohy-
drodynamic (MHD) transient flow of nanofluids in a 
rotating frame, and found that an increase in the 
magnetic parameter reduces the flow velocity but 
increases the fluid temperature. In terms of the 
magnetic field regulation mechanism, the magnitude of 
the Rayleigh number (Ra) affects the regulation effect 
of the magnetic field. Xu et al. [7] demonstrated that the 
Kelvin force distribution presents force loop or force 
bridge configurations under varying Ra numbers. The 
force loop can make the melting interface more parallel 
to the heating side, while the force bridge weakens the 
natural convection in the upper region and inhibits heat 
transfer. Zhuang et al. [8] studied the magnetic field 
regulation mechanism during the melting process of 
non-Newtonian ferromagnetic nano-enhanced phase 
change systems at low Ra numbers. 

One motivation for the current research is that the 
analysis of the coupled interaction and regulation 
mechanism between complex magnetic convection 
driven by multi-directional magnetic fields and natural 
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convection is insufficient, and it is necessary to further 
study the mechanism by which the Kelvin force affects 
the phase change process. Current studies have 
shown that the strategy of applying an external 
magnetic field is a feasible method for regulating the 
phase change process of NEPCMs, but the magnetic 
field regulation mechanism for complex magnetic field 
coupling with natural convection has not been 
extensively studied. 

The innovation of this study lies in considering both 
dual-directional magnetic fields and the gravitational 
field simultaneously, and using a three-dimensional 
numerical model to describe the effect of dual-
directional magnetic fields on the melting process of a 
non-Newtonian phase change thermal energy storage 
system under normal gravity. In our previous studies 
[8], it was found that the unidirectional magnetic field 
mostly exhibits a monotonic inhibitory or promotional 
effect related to the magnetic number (Mn) in 
regulating the melting outcome. The competitive effect 
of multi-directional magnetic fields can effectively 
eliminate the monotonic relationship between the 
melting performance and the magnetic number, and 
different magnetic strengths can also induce phase 
change materials (PCMs) to exhibit distinct melting 
characteristics. Research on the regulatory mechanism 
of complex magnetic fields is conducive to designing 
more appropriate magnetic fields for practical 
applications. In this study, two mutually orthogonal 
uniform magnetic fields are added to a square cavity, 
one parallel to the heating side and the other in the 
same direction as the melting interface advancement. 
By comparing the effects of different Mn combinations 
of the dual-directional magnetic fields on phase 
change, the competitive relationship and mechanism of 
the dual-directional Kelvin force in influencing 
convection are investigated. In addition, to avoid 
natural convection being too strong and dominating the 
liquid phase flow, this study is set under low Ra 
conditions, aiming to explore the phase change heat 
transfer regulation mechanism of the coupling between 
dual-directional Kelvin forces and buoyancy. Our 
theoretical findings may provide a theoretical basis for 
further specific engineering designs, such as thermal 
management of unmanned aerial vehicles, building 
energy efficiency, and thermal control of spacecraft. 

2. MATHEMATICAL MODEL 

2.1. Problem Statement 

Figure 1 shows the physical model of a LHTES unit. 
Two composite uniform magnetic fields, one along the 

y-axis and the other along the z-axis, are located 
outside the rectangular cavity. The magnetic field in 
the y-direction is perpendicular to the heating surface 
and aligned with the direction of the heat source. The 
magnetic field in the z-direction is parallel to the 
direction of gravity but opposite to it. The cavity is filled 
with NEPCM coupled with copper foam; the left wall 
serves as a constant-temperature heat source, and the 
remaining surfaces are adiabatic. The relevant 
thermophysical parameters of paraffin, copper foam, 
and Fe3O4 nanoparticles used in this study are 
presented in Table 1. The thermophysical properties of 
copper foam and Fe3O4 nanoparticles are adopted from 
those of copper and Fe3O4, respectively [9, 10]. 

 
Figure 1: Schematic diagram of the LHTES unit. 

In this study, liquid paraffin is assumed to be an 
incompressible fluid, and changes in its heat capacity, 
thermal conductivity, and latent heat during the melting 
process are neglected. Paraffin is treated as an 
insulator, so no conduction current is generated in the 
fluid. The relationship between magnetization and 
temperature is considered linear. Copper foam and 
paraffin are regarded as continuous media, and the 
interaction between the magnetic field and the metal 
foam is ignored. The local thermal non-equilibrium 
(LTNE) model is employed to describe the transient 
thermal energy interaction between paraffin and copper 
foam. 

2.2. Governing Equations 

Natural convection driven by mass transfer within 
the three-dimensional computational domain is 
governed by the continuity, momentum, and mass 
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transfer equations, whose dimensionless forms are 
expressed as follows: 
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!!, !!, !"#, !", !" and !" represent the Magnetic 
number, Darcy number, Stefan number, Prandtl number 
Rayleigh number and Reynolds number, respectively. 
!" reflects the dimensionless magnetic field strength. 
!" characterizes the permeability of porous media. !"# 
represents the ratio of sensible heat to latent heat. !" 
denotes the ratio of momentum diffusion capacity to 
heat diffusion capacity. !" indicates the relative 
magnitude of buoyancy force to viscous force. !" 
reflects the ratio of inertial force to viscous force. 
Detailed theoretical explanations of the governing 
equations can be found in our previous studies [8]. 

The initial conditions are as follows: 

!" = 0, ! = ! = ! = 0, !!" = !! = !! = 0, !! = 1.        (7) 

The boundary conditions of the cubical cavity are as 
follows: 

!" > 0, ! = 0, 0 ≤ ! ≤ !, 0 ≤ ! ≤ !, !!" = !! = !! =
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To evaluate the heat storage performance of 
NEPCM, the definitions of the indicators for assessing 
heat storage capacity are as follows: 
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where !∗, !!∗ and !∗ represent the non-dimensional 
total heat storage, non-dimensional sensible heat 

Table 1: Thermophysical Properties of Paraffin, Copper and Fe3O4 [7, 11]. 

Properties Paraffin Copper Fe3O4 

Density (kg/m!) 780 (liquid) 8920 5200 

Dynamic viscosity (kg/m s) 0.000385 - - 

Specific heat capacity (J/kg K) 2196 380 670 

Latent heat (kJ/kg) 119.40 - - 

Thermal expansion coefficient 0.00091 - - 

Thermal conductivity (Wm/K) 
0.23 (solid) 
0.1 (liquid) 

401 80 

Melting temperature (K) 300.81-307.5 - - 
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storage and non-dimensional heat storage efficiency, 
respectively. The subscript ‘ref’ denotes the reference 
case.  

3. NUMERICAL METHOD AND VALIDATION 

3.1. Numerical Method 

The numerical simulation employs an iterative finite 
volume method with a three-dimensional staggered 
grid, coupled to the SIMPLE algorithm. Velocity 
components are at cell face midpoints, scalars 
pressure, temperature at cell centers. Transient terms 
use forward difference, convective terms second-order 
upwind, and diffusive terms central difference. 

3.2. Validation 

Figure 2a presents the grid number and time step 
independence analyses. For the computational domain, 
three grid configurations (39,304, 46,656 and 54,872 
cells) and three time steps (1×10!! s, 1×10!! s and 
2×10!! s) were tested separately. To balance 
computational efficiency and solution accuracy, a grid 
with 46,656 cells and a time step of 1×10!! s are 
adopted in this study to simulate the phase change 
heat transfer process for all cases. Figure 2b compares 
the evolution of the melting front in the magnetic field 
experimental system with the numerical simulation 
results. Throughout the entire melting process, the 

numerical results are in good agreement with the 
experimental results, which indicates that the employed 
numerical model and computational code are reliable. 

4. RESULTS AND DISCUSSION 

Figures 3a and 3b show the streamline diagrams 
and velocity field diagrams for Mnz and Mny ranging 
from 0 to 6×10!, respectively. As can be seen from 
Figure 3a, the y-direction magnetic field longitudinally 
splits the large vortex in the absence of a magnetic 
field, dividing it into multiple rows of small vortices. This 
phenomenon becomes more pronounced with the 
increase of Mny, and the arrangement of small vortices 
becomes more regular. In contrast, the z-direction 
magnetic field transversely cuts the original large 
vortex and forms several small vortices around the split 
large vortex accordingly. 

Under the coupling of y and z-direction magnetic 
fields, the streamlines exhibit four morphologies. When 
the y and z-direction magnetic fields are both small and 
of similar magnitude, as shown in the gray zone, the z-
direction magnetic field disrupts the multi-row small 
vortex morphology formed by the y-direction magnetic 
field. At this time, the coupling of the two magnetic 
fields causes the streamlines to form a single-vortex 
morphology similar to that in the absence of a magnetic 
field. When the y-direction magnetic field is stronger 

 
Figure 2: (a) Independent analyses under different grid numbers and time steps; (b) comparison of melting interface profiles 
between numerical and experimental results under a uniform magnetic field. 
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than the z-direction magnetic field, as shown in the 
orange zone, the morphology of streamlines in the flow 
field is dominated by the y-direction magnetic field, 
presenting a multi-vortex structure with longitudinal 
differentiation, although the presence of the large 
vortex is still quite obvious at this time. When the z-
direction magnetic field is stronger than the y-direction 
one, as shown in the yellow zone, the morphology of 
streamlines in the flow field is mainly affected by the z-
direction magnetic field, showing the unique 
differentiation mode of the z-direction magnetic field in 
the large vortex. When both the y and z-direction 
magnetic fields are strong, as shown in the red zone, 
the magnetic convection induced by the y and z-
direction magnetic fields collides violently and rolls 
upward, forming vertical vortices. 

It can be found in Figure 3b that the velocity 
distribution in the liquid phase is closely related to the 
morphology of vortices. A comparison of the streamline 
diagrams and velocity field diagrams reveals that the 
flow velocity of the single vortex is the slowest, and the 
role of thermal convection in heat transfer is relatively 
small at this time. With the increase in the number of 
differentiated small vortices, the average velocity in the 
liquid phase becomes higher and higher. This is 
because the convection induced by the edges of 
multiple vortices can significantly increase the velocity 
in the flow field. The enhanced fluid mobility also 
strengthens heat transfer, and this promoting effect on 
heat transfer can ultimately lead to a significant 
improvement in heat storage efficiency. In the vertical 
vortices in the red zone, the average velocity of the 
velocity field is not as high as that in the case where 

only the y-direction magnetic field is 6×10!. This 
indicates that although the magnetic convection is 
more intense at this time and collides with each other 
to generate vertical vortices that deviate from the plane 
of the two magnetic field directions, the promotion of 
thermal convection by these vertical vortices is not as 
effective as the uniform and stable multi-vortex 
structure generated by the single y-direction magnetic 
field. 

Figures 4a and 4b show the z-direction Kelvin force 
field and y-direction Kelvin force field under different 
combinations of Mny and Mnz parameters, respectively. 
In the z-direction Kelvin force field of Figure 4a, it can 
be seen that the increase of the z-direction magnetic 
field mainly affects the magnitude of the Kelvin force in 
the z-direction. Only in two cases, Mn! = 5×10! and 
Mn! = 6×10!, the addition of the z-direction magnetic 
field disconnects the two originally connected negative 
Kelvin force regions and makes the division of positive 
and negative Kelvin force regions clearer. The increase 
of the y-direction magnetic field, however, affects the 
angle of the positive and negative regions in the z-
direction Kelvin force field. From left to right, as the y-
direction magnetic field increases, the included angle 
between the four regions in the z-direction Kelvin force 
and the bottom edge becomes larger and larger. In 
Figure 4b, it can be seen that in the absence of the z-
direction magnetic field, the force loops of the y-
direction Kelvin force are gradually formed with the 
increase of the y-direction magnetic field. The addition 
of the z-direction magnetic field disrupts the formation 
of force loops, just as it disrupts the formation of small 
vortices in the velocity field. Under the influence of the 

 
Figure 3: Comparison of (a) streamlines and (b) velocity field for Mnz from 0 to 6×10! and Mny from 0 to 6×10! at Fo = 0.08 and 
Ra = 10!. 
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z-direction magnetic field, the y-direction Kelvin force 
gradually converges into a high Kelvin force region on 
the left, forming a force column morphology. 

Figures 5a and 5b show the variation of liquid 
fraction with time and the variation of average Nusselt 
number !"  with time under different Mny and Mnz 
parameters, respectively. From the liquid fraction - time 
curve, it can be seen that compared with the baseline 

case without any magnetic field, the application of a 
magnetic field effectively accelerates melting and 
shortens the melting time. Among them, the addition of 
the magnetic field with Mn! = 6×10! can significantly 
shorten the melting time. However, the addition of the 
z-direction magnetic field at this time will inhibit the 
promoting effect of the y-direction magnetic field. This 
is related to the competition between the z-direction 
and y-direction magnetic fields mentioned earlier, which 

 
Figure 4: Comparisons of (a) z-direction Kelvin force field and (b) y-direction Kelvin force field for Mny from 0 to 6×10! and Mnz 
from 0 to 6×10! at Fo = 0.08 and Ra = 10!. 

 
Figure 5: (a) Variations of liquid fraction with Fo for different Mny and Mnz; (b) Variations of average Nusselt number with Fo for 
different Mny and Mnz; (c) Variations of average temperature and total heat storage for different Mny and Mnz; (d) Variations of 
total melting time and heat storage efficiency for different Mny and Mnz. 
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disrupts the multi-vortex structure formed by the y-
direction magnetic field. In the case where Mn! =
4×10! is coupled with the z-direction magnetic field, 
the promoting effect of the magnetic field is not as 
obvious as that of the single z-direction magnetic field. 
This is because when Mn! = 4×10!, the competition 
between the z-direction and y-direction magnetic fields 
reduces the original multi-vortex structure of the y-
direction magnetic field to a single-vortex structure 
similar to that without a magnetic field. Although the z-
direction magnetic field dominates the streamline 
morphology when Mn! = 6×10!, the number of vortices 
is still smaller than that in the two cases with only the z-
direction magnetic field. Therefore, the promoting effect 
of the magnetic field on melting at this time is not as 
significant as that of the single z-direction magnetic 
field. From Figure 5b, it can be seen that only the three 
cases with the magnetic field of Mn! = 6×10! show 
oscillations in the !" in the later stage of melting. Such 
oscillations may be due to the stronger magnetic force 
causing more prominent disturbance of the nanofluid 
on the heating wall, thereby disrupting the stable 
convective heat transfer. 

Figure 5c shows the heat storage and average 
temperature under different Mny and Mnz parameters. 
In the absence of the y-direction magnetic field, an 
increase in the z-direction magnetic field reduces the 
total heat storage of the system. However, under 
different y-direction magnetic fields, an increase in the 
z-direction magnetic field leads to different effects. 
When Mn! = 4×10!, an increase in the z-direction 
magnetic field first increases and then decreases the 
heat storage. When Mn! = 6×10!, an increase in the z-
direction magnetic field causes a monotonic increase in 
heat storage. The different effects exhibited by these 
multiple parameter combinations are related to the 
magnetic field competition mentioned earlier. The 
competition of magnetic fields with different parameters 
leads to the differentiation of different vortex 
morphologies, and different thermal convection states 
during the melting process result in different heat 
storage capacities. 

Figure 5d shows the heat storage efficiency and 
total melting time under different Mny and Mnz 
parameters. It can be seen that in the cases with only 
the z-direction magnetic field, an increase in the z-
direction magnetic field leads to a monotonic increase 
in heat storage efficiency and a monotonic decrease in 
total melting time. When Mn! = 4×10!, an increase in 
the z-direction magnetic field first increases the total 
melting time and then decreases it to the level of the 

case without the z-direction magnetic field. Although 
the heat storage increases when Mn! = 4×10! and 
Mn! = 4×10!, the overall heat storage efficiency is still 
lower than that of the case without the z-direction 
magnetic field due to the longer total melting time. 
When Mn! = 6×10!, although the total melting time is 
the same for Mn! = 4×10! and Mn! = 6×10!, an 
increase in Mnz can improve the heat storage capacity 
of the system, so the heat storage efficiency of the 
case with Mn! = 6×10! and Mn! = 6×10! is improved. 

Comparing the total melting time and heat storage 
efficiency of all nine cases, although the competition 
between the dual-directional magnetic fields leads to 
mutual inhibition of their original promoting effects, the 
application of magnetic fields always accelerates the 
melting process compared with the case without a 
magnetic field, despite variations in the promoting 
effects among different magnetic field parameters. 

5. CONCLUSION 

1) The coupling of y-direction and z-direction 
magnetic fields with medium and low intensities 
leads to competition between the two magnetic 
fields, thereby disrupting the magnetic 
convection characteristics induced by each 
magnetic field. In contrast, high-intensity 
magnetic fields cause liquid NEPCM to form 
vertical vortices. 

2) The total melting time is closely related to the 
number and morphology of vortices. The 
increased liquid phase velocity induced by the 
multi-vortex structure can effectively enhance 
convective heat transfer and thus promote the 
melting process. 

3) In terms of magnetic field morphology, the force 
loops of the y-direction Kelvin force are also 
disrupted by the z-direction magnetic field. As 
the z-direction magnetic field increases, the force 
loops gradually disappear and transform into 
force columns. 

4) The coupling of y-direction and z-direction 
magnetic fields exerts complex effects on the 
melting of NEPCM. For heat storage and heat 
storage efficiency, their increase or decrease 
depends on the competition between the dual-
directional magnetic fields. Different dual-
directional magnetic field parameters result in 
distinct heat storage characteristics. 
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In general, if a component in an aerospace thermal 
system requires high heat dissipation efficiency, the 
introduction of a magnetic field may significantly 
enhance the heat storage efficiency of NEPCM. 
However, at the same time, we do not want NEPCM to 
sacrifice excessive heat storage capacity. In such 
cases, the addition of a dual-direction magnetic field 
can effectively maintain a certain level of heat storage 
efficiency without reducing the heat storage capacity 
too much. 
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