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Abstract. A numerical study is conducted to investigate the regulation mechanism of dual-directional magnetic fields generated by
Helmholtz coils on the vortex modes and melting performance of nano-enhanced phase change material (NEPCM) embedded in
metal foam. The enthalpy-porosity method, Darcy-Forchheimer model and local thermal non-equilibrium model are used to
describe the melting process, flow in porous media and heat transfer, respectively. The proposed model is then validated against
experiments, then the effects of magnetic numbers (Mny and Mn;) and Rayleigh number (Ra) on fluid flow, melting heat transfer
and energy storage characteristics are illustrated and discussed. Results show that the applying a magnetic field parallel to
buoyancy (z-direction) can effectively promote NEPCM melting. At low Ra, with an increase in the Mn, the complete melting time
of NEPCM is shortened, and the heat storage efficiency can be increased by up to 4.613%, whereas the heat storage capacity is
reduced by 2.814%. The competitive effect of dual-directional magnetic fields can effectively modify this mechanism. When natural
convection is weak, the regulation of NEPCM melting by a magnetic field orthogonal to buoyancy (y-direction) exhibits a specific
force-loop phenomenon. Under the coupled regulation of dual-directional magnetic fields, a new magnetic-force phenomenon
emerges, in which the competition between the z- and y-direction magnetic fields disrupts the original force-loop structure of the
Kelvin force. At high Ra, the magnetic field cannot change the vortex morphology, and the heat storage efficiency can be increased
by up to 12.9%, with the heat storage capacity improved by 5.7%.

Keywords: Dual-directional Helmholtz coil magnetic fields, Vortex formation, Kelvin force, Metal foam, Nano-enhanced phase
change material.

1. Introduction

Renewable energy systems play a crucial role in addressing global energy security and ecological environment issues [1]. To
mitigate the mismatch between energy supply and demand caused by the intermittency of renewable energy, efficient thermal
energy storage technologies are required. Latent heat thermal energy storage (LHTES) technology based on phase change materials
(PCMs) can absorb or release a large amount of latent heat through the phase change process. When the supply of renewable energy
is difficult to match in terms of time and space, LHTES technology holds great potential in optimizing energy management and
controlling energy spillage [2]. Owing to its characteristics of high energy storage density and resistance to thermal shock, LHTES
technology is expected to be applied in fields of precision electronic device [3], battery thermal management [4], waste heat recovery
system, and spacecraft thermal control [5]. However, problems such as the poor thermal conductivity of phase change materials
and the difficulty in regulating the phase change heat transfer process have become bottlenecks restricting the development of this
technology. Currently, improving the thermal performance of PCMs and using external physical fields to assist phase change heat
transfer are two important approaches to enhance the energy conversion and storage efficiency of LHTES technology [6].

To address the low thermal conductivity of PCM, researchers confirm that porous metal foams made of high thermal
conductivity materials can achieve more uniform heat transfer enhancement in composite phase change systems [7]. The selection
of porosity and pores per inch (PPI) for metal foams depends on whether the system prioritizes rapid heat storage or high heat
storage capacity [8]. Contact between metal foam and phase change materials effectively enhances thermal conduction, but the
structure of metal foam inevitably suppresses convective heat transfer, to a certain extent [9]. On the other hand, nanoparticles are
also effective for improving internal heat transfer in PCMs [10]. Haidari et al. [11] numerically studied forced convective heat transfer
of composite nanofluids in channels, noting that weakened convection was related to viscosity effects. Interactions between
nanoparticles and the liquid phase of PCM may induce complex non-Newtonian rheological behavior, leading to uneven local heat
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transfer, more complex temperature gradient distribution, and altered melting behavior [2, 12]. Therefore, in the application of nano-
enhanced PCMs, attention must be paid not only to the improvement of thermal conductivity by nanoparticles but also to their
impact on the rheological properties of the material.

In recent years, the effects of external physical fields such as ultrasonic, electric, and magnetic fields on phase change heat
transfer have attracted increasing attention. Proactively introducing external physical fields to regulate phase change heat transfer
can improve the controllability of the phase change process, achieve on-demand regulation of energy storage characteristics, and
solve various problems in multiple application scenarios. Ultrasonic fields promote the mixing and disturbance of liquid nano-
enhanced PCMs in three-dimensional space through acoustic streaming, increasing flow velocity and enhancing convective heat
transfer. Ultrasonic fields also generate microbubbles through cavitation [13]. These bubbles expand, compress, and eventually
collapse under alternating positive and negative ultrasonic pressure, producing micro-jets, shock waves, and instantaneous high
temperatures, thereby affecting the phase change process [14]. Among existing active heat transfer enhancement technologies,
ultrasonic fields have been widely used to improve heat transfer performance during phase change. As for the electric field, electro-
convection can be driven by Coulomb forces acting on dielectric media with free charges. In latent heat storage systems, heat
transfer enhancement mainly stems from two mechanisms: electro-convection driven by Coulomb forces [15, 16], and solid-phase
precipitation induced by dielectrophoretic forces at the phase change interface [17, 18].

Compared with the aforementioned external physical fields, magnetic fields offer bidirectional regulation to either suppress or
promote phase change heat transfer, enable control of mass transport, and provide faster response [19-21]. For magnetic nanofluids,
magnetic moments experience torque under a magnetic field, aligning particles along magnetic induction lines and magnetizing
the fluid [22]. Studies on charged particles show that increasing magnetic parameters reduces fluid velocity while increasing fluid
temperature [23]. An increase in Prandtl number enhances the magnetic field's influence on the flow field, while the effect on the
average Nusselt number becomes weaker under a magnetic field [24]. The characteristics of non-uniform magnetic fields result in
strong magnetic forces acting on the wall near the magnetic source, generating intense near-wall vortices during the melting of
phase change materials to promote the mixing of hot and cold fluids [25]. The magnetic field arrangement of a Halbach array
concentrates the strong magnetic field on one side of the magnet, effectively reducing interference from the magnetic field on
unrelated components [26].

The magnetic field regulation on phase change heat transfer is influenced by the coupling of multiple factors, including PCM
properties, magnetic field parameters, and nanoparticle parameters. Zhuang et al. [27] found that gradient porosity filling of porous
media induced a competitive effect between thermal conduction and convective heat transfer, thereby affecting heat transfer and
energy storage performance. Adding iron oxide nanoparticles improves the thermal conductivity of the composite but reduces its
specific heat capacity and latent heat. Within an appropriate mass fraction range of 0 to 4 wt%, it can accelerate heat transfer and
the phase change process [28]. After adding magnetic nanoparticles and applying a uniform external magnetic field, the heat
transfer rate of the positive gradient porosity system is further enhanced. Li et al. [29] found that compared with pure PCMs, the
melting time of such system was shortened by 64.29%, but the energy storage capacity was reduced by 16.44%. The addition of
nanoparticles also induces non-Newtonian effects. Liu et al. [30, 31] focused on the synergistic effect of magnetic fields and
composite nanoparticles on the phase change heat transfer behavior of non-Newtonian fluids. Xu et al. [32] found that magnetic
Kelvin forces exhibited either force ring or force-bridge distributions at different Rayleigh numbers. Force-bridges weaken natural
convection in the upper region and suppress heat transfer, while force rings homogenize the temperature distribution at the melting
interface and promote heat transfer. Zhuang et al. [33] further studied magneto-convection during the melting of non-Newtonian
ferrofluid nano-enhanced PCMs at low Rayleigh numbers, summarizing three stages of the phase change process and the formation
mechanism and evolution of multi-vortex structures during melting. Some researchers have also explored the regulation
mechanism from the perspective of different magnetic field directions. Ravari et al. [34] numerically studied the hydrodynamic
instability of conductive viscous fluids in a cylindrical vessel considering the effect of an axial magnetic field. Dai et al. [35]
attempted to generate an additional force field by applying a magnetic field on the four side walls of a square cavity, clarifying the
mechanism of magnetic field regulation during the melting process. They showed that applying a magnetic field on the right wall
suppressed melting, while applying it on the left and bottom walls promoted melting. However, single magnetic field regulation
cannot achieve both high heat storage capacity and efficiency.

This study aims to explore the regulation mechanism of the coupling of dual-directional magnetic fields on the vortex modes,
phase change heat transfer and energy storage performance of LHTES. Fe3sO4 nanoparticles are dispersed in paraffin to form the
NEPCM, which is subsequently filled into the pores of the copper foam to form the composite LHTES unit. Numerical simulations
are carried out based on the enthalpy-porosity method, Darcy-Forchheimer model, and local thermal non-equilibrium model to
investigate the melting process, non-Newtonian fluid flow, and heat transfer characteristics of NEPCM inside the LHTES. The time-
dependent melting front, temperature field, velocity field, and Kelvin force field are obtained. The liquid fraction and Nusselt
number over time, as well as the complete melting time and heat storage capacity under different cases, are also calculated and
analyzed. A unidirectional magnetic field usually promotes the melting process at the cost of reduced total heat storage to achieve
higher heat storage efficiency. In contrast, a dual-directional magnetic field balances the decrease in heat storage and the increase
in heat storage efficiency through magnetic field competition, which enables more precise dynamic regulation. This study may
provide a theoretical basis for optimizing specific engineering system performance, such as thermal management of unmanned
aerial vehicles, building energy efficiency, and spacecraft thermal control.

2. Mathematical Model

2.1. Problem statement

Figure 1 presents a three-dimensional rectangular computational domain as the physical model of the LHTES unit. Two uniform
Helmholtz coil magnetic fields are located outside the rectangular cavity, one is parallel to the y-axis with a magnetic induction
intensity of By and the other is parallel to the z-axis with a magnetic induction intensity of B.. These can generate the magnetic
field force Fr acting on the liquid phase of NEPCM. The interior of the cavity contains NEPCM embedded with copper foam which
has homogeneous porosity of 0.92 and 25 PPI. The left sidewall of the cavity serves as a heat source with a constant temperature Th,
while the remaining surfaces are kept adiabatic. The relevant thermophysical parameters of the paraffin wax, copper foam, and
Fe304 nanoparticles used in this study are listed in Table 1, and the specifications of these materials are consistent with those in
the literature [32, 36]. Among them, the melting temperature range of paraffin wax is Tm = 300.81 K to Tm2 = 307.5 K [36]. The
thermophysical properties of copper foam and Fe3O4 nanoparticles are taken as those of copper and FezOs, respectively, as reported
in the literatures [37, 38].
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Table 1. Thermophysical properties of Paraffin, Copper and Fe;Os [32, 36].

Properties Units Paraffin Copper  FesOs
Density kg/m? 780 (liquid) 8920 5200
Dynamic viscosity kg/(m's) 0.00385 - -
Specific heat capacity J/(kg'K) 2196 380 670
Latent heat kj/kg 119.40 - -
Thermal expansion coefficient K 0.00091 - -

0.23 (solid)
0.1 (liquid)
Melting point K 300.81-307.5 - -

Thermal conductivity W/(m-K)

(@) z (b) !
Observed
plane
X
—
-_—
-
H, |
Helmholtz coil

Nano-PCM composited
with metal foam

Fig. 1. Schematic diagram of the LHTES unit, (a) physical model of the LHTES unit, (b) overview of the experimental apparatus.

To establish the mathematical model, several important assumptions are clarified as follows:

The liquid phase of paraffin is regarded as an incompressible fluid. The density change of liquid paraffin follows the Boussinesq
approximation, and its viscosity change follows the power-law model [12]. Nanoparticles and phase change material are
assumed to be fully mixed and in local thermal equilibrium. The variations in specific heat capacity, thermal conductivity and
latent heat of paraffin during melting are neglected [39].

The influence of the magnetic field on the viscosity of the nanofluid is neglected. The residual magnetic flux density is assumed
to be non-existent. The base fluid (paraffin) of NEPCMs is treated as an insulator, which means no conduction current is
generated in the fluid. Due to the narrow temperature variation range during the melting process, the relationship between
magnetization and temperature can be considered linear [40].

The copper foam and paraffin are treated as continuous media. The interaction between the magnetic field and the metal foam
is neglected. The local thermal non-equilibrium (LTNE) model is adopted to describe the transient thermal energy interaction
between paraffin wax and copper foam [41]. The Darcy model generalized by Forchheimer is applied to the conservation of the
momentum equations [42].

2.2. Governing equations

Based on the volume-averaged conservation equations [42] for flow in porous media, the enthalpy-porosity method [43] for

solid-liquid phase change, the Darcy-Forchheimer model [36] for porous resistance, and the LTNE model [41] for heat transfer
between the NEPCM and copper foam, the governing equations can be written as follows:

Continuity equation:
V-U=0 (1)

Momentum equations:

P OU | Py 1 Mg | PuC
oo Y Y (UU)=-Vp+-Vr—|2L 4 U||U-S,U+E, + T,—T 2
e Y (UU) ==Vt V| S U] U= .U, (o) (T~ T )g @
Energy equations:
For paraffin:
a(f) |9T,
€ (pcp)nf + (pL)nf d((Tff)) atf + (Pcp)nfU‘ VT, = knfevanf + hsfasf(Ts - wa) (3)
For copper foam:
T,
(1 - E)(pCp )s E = ksevas - hsfasf(Ts - Tnf) (4)

The terms on the right-hand side of Eq. (2) represent the pressure gradient, viscous stress, Darcy-Forchheimer resistance,

mushy-zone resistance, Kelvin force, and buoyancy force, respectively. Their detailed formulations are provided below.
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Table 2. Relevant parameters corresponding different volume fractions [32].

Volume fraction, ® 0 0.00155 0.00465 0.00788
Mass fraction, ®u: 0% 1% 3% 5%
Power-law index, n 1 0.610 0.589 0.522

Where U= (u,v,w) indicates the corresponding velocity components in x, y and z directions, respectively. Here ¢ denotes the
porosity of the copper foam, f is the local liquid fraction of the NEPCM within the pores, and ¢ = ¢f represents the volumetric liquid
fraction in the composite domain. Therefore ¢ characterizes the geometrical pore space of the metal foam, whereas ( additionally
accounts for the solid-liquid phase state of the NEPCM. It should be noted that ¢ and ¢ have different physical meanings and are
therefore not interchangeable. t, p and g are the time, pressure and gravity acceleration, respectively. T, T, and T, are the
temperatures of NEPCM, copper foam and external environment, respectively. T is equal to 298K. p,and c, indicate density and
specific heat capacity of copper paraffin, respectively. p,, ¢, 3, and L, are density, specific heat capacity, thermal expansion
coefficients and latent heat of liquid NEPCM, respectively [12]:

Prf Ps Prp
whe| - 16B)]  |(08),
S S 1P e 1P Gl
(pL)nf (/’L)f 0

where physical quantities with subscripts f and np indicate the thermophysical parameters of PCM and nanoparticles, respectively.
® is the volume fraction of nanoparticles in NEPCM. The expression of &, can be converted by ®:

Prp®
= (6)
pnp(I) + (1 - (I))pf

The second term of the right-hand side of the momentum Eq. (2) is the shear stress tensor 7. It describes the flow characteristic
of non-Newtonian NEPCMs in liquid phase following the power-law model [44, 45]:

Ty = 2/ D ()
D— %[VU +(vUy ®)

figg =ty (2D: D)"Y )
where n is a power-law index. Table 2 shows the corresponding @, and n for NEPCM at different ®. This work focuses on the
regulation mechanism of the magnetic field on the melting process. Considering the universality of the Brinkman model, the
effective viscosity f,; of the liquid power-law nano-enhanced phase change material and the viscosity . of the liquid NEPCM
are calculated by Brinkman model [46]:

y2
Hong = W (10)
where p, is dynamic viscosity of liquid PCMs.
The third term of the right-side of the momentum Eq. (2), i.e., (11 / K) + (p,,C|U]/ VK))U, is the expression of the Forchheimer
extended Darcy model, which is used to characterize the non-Darcy and inertial effects induced by porous media during fluid flow
[42]. K and C are permeability and inertia coefficient, respectively [47]:

2

K= malk (11)

d —1.63
C =0.00212(1 — ) % [df] (12)

12

where x, d,, d;, and d, denote the tortuosity coefficient, characteristic length, pore size and fiber diameter of copper foam,
respectively:

41 1
=2+2coS|— +———
X=at 3 " 3cos(2- 1)} (13)
d
d, = (14)
3—-x

1 _
d, =1.18d, [~ (15)

T

22.4%10°

_ 224710 (m) (16)

? w(PPI)
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The fourth term on the right-hand side of the momentum Eq. (2), i.e., S;U is used to represent the effect of the mushy zone
around the melting front on momentum exchange [43]:

1-fy
S;=A (7 17

T ‘mush _f3 + 1><1074 ( )
where A, is the mush zone constant, which significantly affects the shape of the solid-liquid interface. Based on the consistent
agreement between numerical simulations and experimental results, it is set to 106 in the current work [48]. f indicates the liquid
fraction in the pore:

0, T, <T,,
T, T,

f={r " T.<T,<T,, (18)
TmZ - Tml ! / :
1, T, >T,,

Here, the liquid fraction for paraffin is jointly decided by f and porosity ¢ as ¢ =¢f.

The fifth term on the right-hand side of the momentum Eq. (2), i.e. F, is the Kelvin body force source term. Since the paraffin
base fluid of the NEPCM is electrically insulating, no conduction current is generated in the liquid phase. Therefore, the Lorentz
force associated with electrical conduction is neglected, and the effect of the applied magnetic field on the liquid NEPCM is
described solely by the ferrohydrodynamic (FHD) effect, represented by the Kelvin force. During melting, the magnetic nanoparticles
dispersed in the liquid NEPCM are magnetized by the external magnetic field, and the resulting Kelvin force acts as a body-force
source in the momentum equation. The Kelvin force is expressed as [32]:

Fe = 16Xy (H- V)(1 + %, )JH = pioHx,, (H-V)(1+ X,,) + p10(1 + X,,) (H- V)H (19)

where 4, and H are the permeability of vacuum and the external magnetic field intensity vector, respectively. x, denotes the
reference magnetic susceptibility, and the functional relationship between the magnetic susceptibility x,, of the NEPCM and the
temperature T is X,, = X, / (14 8,(Ty — T.))-

Since the uniform magnetic field in this study, 1,(1+ x,,)(H- V)H = 0. Then the change in magnetic force is determined by the
change in magnetic susceptibility. In other words, if the external magnetic field is uniform, the Kelvin force depends on the
temperature gradient. In addition, the superparamagnetism of FesOs nanoparticles will cause the direction of the magnetization to
be consistent with the direction of the external magnetic field. Thus, the direction of the resulting Kelvin force is parallel to the y-

axis and z-axis. The final form of the Kelvin force is expressed as:

B aT . ) BuXs aT

Fe=—pH? ——0 %5 -
kT [1+6“f(T“,7TX)]3 ay) e [1+6n,(Tnf*Tx)]3 oz

(20)

The sixth term on the right-hand side of the momentum Eq. (2) is the buoyancy source term, where the density follows
Boussinesq approximation:

p=p.[1+B,(T-T,) (21)

In energy equations with local non-thermal equilibrium, a tetrakaidecahedron effective thermal conductivity model of
saturated porous metal foam established by Boomsma and Poulikakos [49] is employed to obtain effective thermal conductivity k,; :

1

k.=

T 2(R,+Ry +R. +Ryp) (22)

40

R, =
* T [2¢? + mo(1— @)k, +[4— 26" —7o(1—e)|k, (23)
(e—20)
R, =

P (e—20)e%k, + [Ze —40—(e— 2(7)ez]levlJr (24)
R.— V2 —2e .
¢ V2rok, + (2 - \/Emrz) k. (23)

2e

Ro—— ¢

P ek +(4-€)ky (26)
Ry = Reg |ks:0 (27)
kse = kej]‘ |k"f70 (28)

where ¢ and e are dimensionless constants expressed as o = \/\/5(2 —3v2e® /4 -2¢)/ (83— 242e —¢), e=0.16. k.. and k, are the
effective thermal conductivities of NEPCMs and copper foam, respectively. k. and k; represent the thermal conductivities of
NEPCMs and copper foam, respectively. k. depends on the thermal conductivities of both pure PCM (k;) and FesOs nanoparticles
(k,), which follows the Maxwell’s model [50]:
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R, + 2k, —20(k, —k,,)
T kyp + 2k, + Bk —k

k, =k (29)
np)
At the microscopic pore scale, the significant enhancement of the liquid phase NEPCM heat transfer performance by the metal
foam is non-negligible. Therefore, the thermal dispersion conductivity k, can be calculated by Georgiadis and Catton’s model [51]:
Ry = ;)'7365 PrCopd N U 4+ U7+ w? (30)

The h; and ay in second term at right-hand side of the Egs. (3) and (4) denote the interfacial heat transfer coefficient and the
interfacial surface area, respectively, which can be calculated based on Zhukauskas [52] as follows:

k
0.76Re%*Pro¥ d—“f, 0 < Re < 40,
f

k
h, = 10.52Re**Pr®¥ d—"f, 40 < Re < 10%, (31)
f

k
0.26Re%%Pro¥ d—“f, 10® <Re<2x10°
f

3nd .
ag =" )
p

The dimensionless parameters are defined as follows [12, 32]:

ta 2 T,—T, 2 ha_d? 242
x:di,yzdl,z:di,uz“dk,V:”dk,W:de,Fo: = P= o 8= S sp - R M = Lo
k & k Qg Qg Qg k PgOng h i~ P Ong (p p)nfo‘nf Oy Pg
N 3 (32)
L Jn o 20em) a C C,), AT a6, AT Uy, 0
b | “don e nf’gp:@’gcpz(cp)nf,Da:dEpSte:(pinf pr— V,Ra:g W2 pe— mPns G
Ps Qs Ps ( p)s k nf Qe Ve Hegy

Here o, =(Ry+Ry)/ pycy and a, =k, /pcc,. are the effective thermal diffusivities of NEPCM and copper foam, respectively.
u, =+u’>+v’ +w® is the characteristic velocity. Mn, Da, Ste, Pr, Ra and Re represent the Magnetic number, Darcy number, Stefan
number, Prandtl number Rayleigh number and Reynolds number, respectively.
Then, Egs. (1)-(4) can be expressed dimensionless as:

m

vV-U=0 (33)

10U  1(.0U,  0U . 0U|_ 10P FPr(dry Ory  0ng| (FEPr  C rr——r——s
Sy v w29 xx xy xz|_ P v+ Wi lu—su
2[ ox oy " az] EoX «pE[ * ] [ e ] ' (34)

0X oYy 0z EDa * ~Da

10V iz[ ov VOV WBV]

ax oy TV ez

18P  FPr(Ory, = OTyy aTZY] Fupr  C CBNET 3 = 00,
- + — +——U"+V*+W?*|V-S,V-M-Mn
+ [ + IDa Do +V*+ 9 (35)

EdY @E(0X dY 9Z oYy
10W 1 (, oW oW oW 18P FPr (ot or or, FuPr’ C R 5 _ 00,
St S| U Vet W = [ 2 e 22| + =AU+ V2 +W? |W-S,W-M-Mn—2
¢ OFo @2[ X oY az] EOZ  ¢E [ X Y oz ] EDa </ ] ’ 9Z  (36)
+Ra-Pr-0,
e d(f) |06, 96, 96,0 96,0 %0, 0%, 00,
— ML U % W = Sp(6, — 0
{6 " Ste d(6,)| 9Fo ax oy v4 X oy azz | TP (6 = by) (7)
06, 1(0%, 0%, 9%,
(1 - 5) 9Fo = E BXZ + ayz azz - 'gpécpsp(gs - an) (38)

where M = 8, ATy} /[1+ B,AT6, [, Pr' =Pr’ ", and:

n-1
2

(39)

0X oYy 0z ay 0X 0z oY 0X 0Z

The ratio of density and viscosity between NEPCMs and foam copper can be defined as E=p,/p; =1-®+p;/p,,
F= e/ py =1/ (1-)%.
In this study, the dimensionless side length of external cubic cavity is set as N. The boundary is impermeable, and no slip wall
boundary condition is used in the simulations. The initial conditions are as follows:

Fo=0, U=V=W=0, §,=6=6_=0, 6,=1 (40)
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The boundary conditions of the cubical cavity are as follows:

Fo>0; Y=0; 0<X<N; 0<Z<N; f,=0,=0,=1 (41)

06, 00
Fo>0; Y=N; 0<X<N; 0<Z<N;, —X= w00 00 _ (42)
0X 9z 98X 0z

6. 00
Fo>0;, X=0orN; 0<Y<N; 0<z<N; o _%% 00,06, (43)
oY 9z oY 0z

06, 08
Fo>0, Z=0orN; 0<X<N; 0<Y<N;, —Z-= w00 90 (44)
09X oY 98X oY

2.3. Heat transfer and energy storage

In the present research, the impact of convective heat transfer on the melting behavior of NEPCM is characterized by two key
parameters of the fluid adjacent to the heating wall: the local Nusselt number (Nu) and the average Nusselt number (Nu).
Furthermore, to conduct a comprehensive assessment of NEPCM’s heat storage performance, three non-dimensional indicators are
incorporated: non-dimensional total heat storage (E'), non-dimensional sensible heat storage (E;), and non-dimensional latent
heat storage (E;). As for the energy storage efficiency (Q') throughout the entire phase change process, it can be quantified with
the aid of two non-dimensional parameters, Fo, and Q [32]:

09,

Nu=-—"2 (45)
Y|, ,
— L L
Nu= [ [ NuldXdz (46)
E(t) = E;(t) + E,(t) (47)
E - mnfcnf (Tave (t) - Too)’ T< Tml (48)
i mvlfcvlf <TYlfﬂl)E (t) - Tx) + mYlfLYlf’ T> Tml
Es(t) =myC (Tsave(t) - Tx,) (49)
EL(t) = mnanf (50)
ES (t) = mnfcnf (Tnfuue(t) - T:x. ) +myC (Tsaue(t) - Tx,) (51)
E E . E
E=—, E,=—5, E =—1 52
Eref ESref ELref ( )
Q:M, Fot:M, ‘:& (53)
ttotal F ototqlref Qref
where the subscript ‘ref denotes the reference case.
1.0 1.0
(a) —— 39304 cells (b)
——— 46656 cells
S08F —— 54872 cells So08
= =
= S
S 0.6 = 0.6
Q9 9
® «
& &
= 04 -z 0.4
b= i1
g g
0.2 0.2
0.0 . . . . . .0 . . . . . .
0.00 005 010 015 020 025 030 0.00 0.05 010 0.5 020 025 030
Melting time, Fo Melting time, Fo

Fig. 2. Independent analyses under, (a) different grid numbers and, (b) time steps.
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3. Numerical Method and Experimental Validation

3.1. Numerical method

In this research, the numerical simulation adopts an iterative finite volume method, which utilizes a three-dimensional
staggered grid and is coupled with the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm. Under the staggered
grid setup, velocity components are assigned to the midpoints of cell faces (aligned perpendicularly to the components), whereas
scalar properties like pressure and temperature are placed at the cell centers. For temporal discretization, the forward difference
scheme is employed to approximate transient terms. Meanwhile, convective terms are discretized via the second-order upwind
scheme, and diffusive terms via the central difference scheme. Additional specifics regarding the numerical approaches have been
documented in our prior studies [27, 53].

Grid number and time step independence analyses are presented in Fig. 2. For the computational domain, different grid
configurations (39,304, 46,656, and 54,872 cells) and different steps (1x10°s, 1x10° s and 2x10~° s) were tested, respectively. Balancing
computational efficiency and solution accuracy, the present study employs a 46,656 cells grid and a 1x10° s time step for simulating
the phase change heat transfer process across all cases.

3.2. Experimental validation

Figure 3(a) presents the magnetic field experimental setup employed in this study, where the magnetic field directions are along
the y-axis and z-axis. The complete experimental setup comprises a temperature regulator, thermocouples, a data logging module,
a computer, an infrared camera, a direct current (DC) power supply, a gaussmeter, an oil cooler, an LED light source, and a Helmholtz
coil. The test component subjected to a uniform magnetic field is a rectangular chamber (40 mm x 40 mm x 40 mm) fabricated from
acrylic glass; this chamber is filled with NEPCM combined with copper foam. The Fe3O4 nanoparticles within the NEPCM have an
average diameter of 20 nm and the mass fraction of 3 wt%. Mounted on the left wall of the chamber is an aluminum heater linked
to the temperature regulator, designed to deliver continuous and uniform heating. Inside the chamber, 8 T-type thermocouples are
placed at pre-determined positions, these thermocouples transmit real-time data on transient temperature fluctuations to the
computer via the data logging module. To achieve effective thermal insulation, the chamber is wrapped with 30 mm-thick insulation
pearl cotton around its sides and on its top. Prior to initiating the experiment, the magnetic field intensity in the vicinity of the
chamber is calibrated using a gaussmeter (with an accuracy of +2% mT), guaranteeing that the entire chamber is situated within a
uniform magnetic field. Throughout the experiment, the DC power supply allows for adjustment of the current flowing through the
coil, which in turn modulates the magnetic field intensity. The magnetic field intensity in the experiment is set to 60Gs in both the
positive y-axis and positive z-axis. The experiment was conducted under the conditions where the room temperature was
controlled at 25°C and the heating side was maintained at 70°C.

Figure 3(b) compares the evolution of the melting front in the magnetic field experimental system with the numerical simulation
results. Both experimental and numerical results show that in the early melting stage (Fo = 0.02), the angle between the melting
interface and the left wall is relatively small. This indicates that heat conduction plays a more significant role in the heat transfer
process than natural convection during this period. With the elapse of time (Fo = 0.06-0.90), the continuous expansion of the liquid
phase region allows natural convection which gradually dominates heat transfer to accelerate the melting of paraffin in the upper
part of the square cavity, leading to a gradual tilt of the melting interface. At this point, the fluid tends to move upward due to the
buoyancy force. Since temperature exerts a more significant influence on the upward tendency of the fluid on the left heating wall
than on that at the solid-liquid interface on the right, the liquid phase region exhibits an overall clockwise flow, and the upper part
of the solid phase region receives more momentum exchange and heat energy transfer. It should be noted that there are
discrepancies in the melting interface profiles of the two results in the middle of the cavity: the turning point of the solid-liquid
interface in this region is less distinct in the experimental results compared to the numerical simulation. Several factors may
account for this phenomenon: First, the Forchheimer extended Darcy model may overstate the effect of natural convection.
Additionally, the random selection of Amush may introduce certain errors. Both of these factors lead to faster melting in the upper
part during the numerical simulation.

Fig. 3. (a) Helmholtz coil magnetic field experiment system, (b) Comparison of melting interface profiles between numerical and experimental
results under a uniform magnetic field.
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Second, the Brinkman model may, to a certain extent, underestimate the viscosity change of NEPCM [54], thereby causing
deviations in the numerical results. Additionally, heat absorption by the insulation material and the incomplete uniformity of the
porous medium structure during the experiment may impact the heat exchange in the melting process [55]. Nevertheless, the
numerical results are in good agreement with the experimental results throughout the entire melting process, which verifies the
reliability of the employed numerical model and computational code.

4. Results and Discussion

This study aims to investigate the melting dynamics of NEPCMs under the coupling effect of natural convection and dual-
directional Kelvin magnetic forces. It focuses on exploring the influences of different Ra and Mn of dual-directional magnetic fields
on the phase change heat transfer characteristics of LHTES unit. Firstly, the non-Newtonian melting behavior under the influence
of different Mn of z-direction magnetic field at low Ra is compared. On this basis, the regulation mechanism of uniform magnetic
fields on phase change heat transfer is studied under different Mn of the coupled y-direction and z-direction magnetic fields. Then,
the characteristics of magnetic field regulation on magnetofluids at different Ra values are investigated, and results regarding
different Kelvin force configurations are obtained. Driven by natural convection and magnetic convection, the three-dimensional
model, which accounts for non-Newtonian effects and magnetic field effects, exhibits a quasi-two-dimensional flow field
distribution. To more clearly demonstrate the evolution of the vortex structure in the liquid phase region during the melting process,
the cross-section at x = 0.5 in the three-dimensional cavity is selected as the observation plane to present the two-dimensional
results.

4.1. Effect of z-direction magnetic field on melting heat transfer

First, this section discusses the effect of a magnetic field parallel to buoyancy (z-direction magnetic field) on the phase change
heat transfer of NEPCM. Figures 4(a) — 4(d) compare the performance of different Mn values at Fo = 0.08 and Ra = 103. The comparison
is made from the perspectives of streamlines, temperature field, velocity field, and z-direction Kelvin force field, respectively.

In Fig. 4(a), it can be observed that after the introduction of the z-direction magnetic field, the flow field morphology evolves
from a single large vortex into two vortices split vertically in the middle, with two additional small vortices formed. As Mn increases,
the splitting of the large vortex becomes more pronounced, and the two accompanying small vortices also grow larger. Under the
condition of Mn; = 7x10°, the stronger z-direction Kelvin force almost splits the large vortex into a multi-vortex structure with 5
vortices. Figure 4(b) shows that without a magnetic field, the isotherms near the heat source in the temperature field are almost
parallel. This indicates that heat conduction dominates the heat transfer in this region. However, the liquid NEPCM near the solid
NEPCM continuously scours the solid phase region under the influence of natural convection. As a result, the solid-liquid interface
here becomes wavy, causing the isotherms near the solid phase to start showing wavy changes. For the three magnetic field cases
in Fig. 4(b), under the action of the magnetic field, the streamlines near the heat source are no longer parallel to the heat source.
This leads to gradient changes in the vertical temperature. The wavy folds of the isotherms become more obvious as they approach
the solid phase region. Moreover, the folds increase with the increase of Mn. Figure 4(c) shows that the velocity field evolves from a
uniformly distributed single-vortex structure into a structure with four or even five vortices. Moreover, the introduction of the
magnetic field significantly increases the overall velocity, which greatly enhances the heat transfer of the entire phase change
system. Under all magnetic field conditions, two high-velocity zones corresponding to the vortex positions appear on the heating
side. This is caused by the coupling of buoyancy-driven natural convection and Kelvin force-driven magnetic convection. As shown
in Fig. 4(d), the Kelvin force induced by the z-direction magnetic field shows an overall sheet-like distribution. It also has a positive-
negative alternating distribution pattern. As indicated in the Eq. (19), the Kelvin force is mainly related to the temperature gradient.
The wavy folds of the temperature field in Fig. 4(b) provide a positive-negative alternating temperature gradient for the Kelvin force.
This makes the Kelvin force show a positive-negative-positive-negative distribution pattern. Positive Kelvin forces exert an upward
force on the liquid PCV, increasing its velocity. In contrast, negative Kelvin forces cause the velocity vector of the liquid PCM to
deflect in advance. This further leads to the phenomenon where the large vortex is split into two small vortices from the middle in
Fig. 4(c). The high-velocity zones shown in the velocity field are exactly the regions where the liquid PCM deflects. The low-velocity
zones are mostly located at the centers or peripheries of the vortices.
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Fig. 4. Comparisons of (a) streamline, (b) temperature field 6., (c) velocity field and, (d) z-direction Kelvin force field Fi. distributions for Mn, from 0 to
7 x 10° at Fo = 0.08 and Ra = 10°.
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Fig. 5. Changes of temperature, velocity and z-direction Kelvin force distributions for, (a) Mn. = 0 and, (b) Mn, = 7x10° with Fo at Ra = 10°.

@ 1o — (b) 2
P Mn,=0.Mn,=0 Mn,=0,Mn,=3d6
| Mi,=0.Mn,=4d6
08 |Z= \ Mn,=0,Mn,=6d6
- -9
=
S 5
B o6t - =
133 ,' £
< P g
& 22 g
:'E 0.4 g = 3
= @
s 2
= Mn,=0, Mn,~0 Mn,=0, Mn,=3d6 ]
= o2f Mn, Mn, =56 Z
—— Mn,=0, Mn,=6d6 —— Mn,=0, Mn,=7d6 .
0.0 . . L . " . . . . L
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.0 0.15 020 025 030
Melting time, Fo Melting time, Fo
(©) e e (d)
2 061578 o EEE 28 027916 —Fo, B O 112
= ™ &
0.26994
g 0.61 1 101 :l 0.27 026812 026675 26559 140
1.08
2 5 £ 026 0.25934
T 0.60 1 = 1.06
5} o0 104613 =
) ol g% 104 &
E 050 0.99 = - Lones 102295
g 3 0.24 Lo1756 102063 1
) 0.98029
%l) 0.58 0.97747 ) 0.98 = 023 1.00
& 0.97518 -
@ 0.97186 S 022t 0.98
7 0.97 =
< 0s7f 0.96
0.21

0 3x10° 4x10° 5x10° 6x10° 7x10°

Magentic number, Mn

0 3x10° 4x10° 5x10° 6x10° 7x10°
Magentic number, Mn

Fig. 6. (a) Variations of liquid fraction with Fo for different Mn, (b) Variations of average Nusselt number with Fo for different Mn, (c) Variations of
average temperature and total heat storage for different Mn, (d) Variations of total melting time and heat storage efficiency for different Mn.

Figures 5(a) and 5(b) illustrate the development of the melting process from the early stage (Fo = 0.04) to the later stage (Fo =
0.20) without and with a magnetic field, respectively. Under the condition without a magnetic field, heat conduction dominates the
heat transfer process in the early melting stage (Fo = 0.04). The isotherms on the heating side are nearly parallel, while those on the
solid phase side only show slight waviness. As time progresses, the liquid phase region expands, and natural convection begins to
play a role. Driven by natural convection, the upper part of the liquid phase region melts faster; eventually, in the late melting stage,
the isotherms as a whole tilt to the right. At a high Mn;, the interface of the solid phase region advances gradually to the rightin a
posture almost parallel to the heating side. For the interior of the liquid phase region, the introduction of the magnetic field leads
to more intense temperature changes and larger variations in the internal temperature gradient.

Regarding the evolution of Kelvin force field, the z-direction Kelvin force initially presents a sheet-like distribution. As the
melting proceeds, it evolves into a strip-like shape with a curved profile in the middle melting stage (Fo = 0.12), and the two negative
Kelvin force regions begin to show a tendency to connect. In the middle-late melting stage (Fo = 0.16), the complex convective heat
transfer process drives the high-temperature region at the bottom of the liquid PCM to move forward. Changes in the temperature
gradient cause the negative Kelvin force regions to merge into a single area. In the late melting stage, the Kelvin force finally takes
on an inclined dumbbell-like shape. The evolution of the Kelvin force field indicates that magnetic convection is continuously
driven by a dynamically changing driving force with complex variations. From the velocity field, the Kelvin force dominates the
changes in vortices throughout the process. The vortex structure evolves from a double-vortex structure at Fo = 0.04, to a multi-
vortex structure at Fo =0.12, and finally to a six-vortex stage at Fo = 0.20. Both the formation and evolution of vortices are associated
with the changes in the morphology of the Kelvin force.

Figure 6(a) shows the variation of liquid fraction with time under different magnetic field intensities. Overall, the introduction
of a magnetic field promotes the melting of NEPCMs. At low Ra, the buoyancy-driven natural convection is weak. For most of the
time, the heat transfer process of the NEPCM phase change system is dominated by heat conduction. However, with the addition
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of a magnetic field, the fluid is driven by two forces. One is buoyancy-induced natural convection, and the other is Kelvin force-
induced magnetic convection. This significantly facilitates the development of convection. The generation of magnetic convection
increases the heat transfer rate of the entire NEPCM phase change system. Therefore, at low Ra, magnetic convection plays a decisive
role in the melting rate. The melting rate increases as the Mn rises. As observed in Fig. 6(b), the (Nu) under high Mn conditions
exhibits fluctuations after the late melting stage. Such fluctuations may be attributed to the more prominent disturbance of the
nanofluid on the heating wall caused by stronger magnetic forces, which disrupts the stable convective heat transfer. Figure 6(c)
plots the average temperature and total heat storage under different magnetic field intensities, as the cases discussed in this section
have the same latent heat. The heat storage efficiency shown in Fig. 6(d) is jointly determined by heat storage efficiency and total
melting time. From the bar charts in Figs. 6(c) and 6(d), it can be seen that although the increase in Mn reduces heat storage, it leads
to a much greater reduction in total melting time. Thus, increasing Mn effectively improves heat storage efficiency. This effect is
particularly notable under high Mn conditions where convective heat transfer is more unstable. In terms of heat storage, the
smallest Mn reduces total heat storage by 1.604%, and the largest Mn reduces it by 2.814%. For heat storage efficiency, the smallest
Mn increases it by 1.756%, while the largest Mn increases it by 4.613%.

4.2. Coupling effects of y-z directional magnetic field

In the previous section, we found that the magnetic field parallel to buoyancy significantly promotes the melting behavior of
NEPCM at low Rayleigh number. Magnetic convection induced by this magnetic field compensates for the low intensity of natural
convection and forms a multi-vortex structure that accelerates the melting process. On this basis, this section further investigates
the coupled effect of the z-direction magnetic field parallel to buoyancy and the y-direction magnetic field orthogonal to buoyancy
on the melting of NEPCM at the current Rayleigh number.

Figure 7 presents streamline diagrams for the z-direction magnetic number Mn. and y-direction magnetic number Mny ranging
from 0 to 7x10°. From the first row of Fig. 7, it can be observed that under the influence of the y-direction magnetic field alone, the
single large vortex in the no-magnetic-field case differentiates into two longitudinal rows of vortices. This phenomenon becomes
more pronounced as Mny increases. Under the highest Mn condition, an even structure of two uniform rows with 8 vortices in total
appears. In contrast, the z-direction magnetic field mainly causes transverse vortex differentiation, which is consistent with the
scenario discussed in the previous section. Under the coupled y-direction and z-direction magnetic fields, the streamlines exhibit
four main morphologies: (1) Transversely differentiated vortices dominated by the z-direction magnetic field (yellow zone); (2)
Longitudinally differentiated vortices dominated by the y-direction magnetic field (orange zone); (3) Single vortices resulting from
competition between y- and z-direction magnetic fields (grey zone); (4) Vertical vortices resulting from competition between y-
direction and z-direction magnetic fields (red zone). Under the influence of the y-direction magnetic field, the introduction of the
z-direction magnetic field first disrupts the longitudinal vortex differentiation morphology induced by the y-direction magnetic
field. For grey zone cases, neither the longitudinal differentiated vortices caused by the y-direction magnetic field nor the transverse
differentiated vortices caused by the z-direction magnetic field are visible. This is because both magnetic fields are relatively weak.
The disturbance from the z-direction magnetic field disrupts the original magnetic convection induced by the y-direction magnetic
field. It alters the streamline morphology and eliminates the original vortices.

In the cases shown in the second row, as Mny increases, the z-direction magnetic field exerts an increasingly weaker disruptive
effect on the formation of longitudinal vortices. This is due to the fragile nature of their competitive relationship: when Mny
increases, the z-direction magnetic field loses its dominance over the flow field morphology to the y-direction magnetic field,
leading to a return to the y-direction-dominated state. Similarly, in the case of grey zone, mutual competition between the two
magnetic fields results in a vortex morphology closer to that of the no magnetic field case. When Mny > Mn,, the morphology of
most streamlines is similar to that under the y-direction magnetic field alone. Correspondingly, when Mn. > Mny, the streamline
morphology is mostly analogous to that under the z-direction magnetic field alone. This indicates that the streamline morphology
is dominated by the magnetic field with the higher intensity between the two directions. The fifth and sixth columns of Fig. 7 show
cases with Mny = 6x10° and Mny = 7x10°. In these cases, the fourth vortex morphology, vertical vortices, can be observed. The
formation of this morphology is attributed to the sufficiently strong y-direction magnetic field alone in these cases. This magnetic
field intensity enables the formation of a relatively stable structure with 8 vortices. The subsequent introduction of the z-direction
magnetic field exerts a compressive force on the fluid in another direction. This compression disrupts the original vortex structure
while driving the fluid to flow in the x-direction. Eventually, the centers of the vortices shift from the original y-z plane to the x-y
plane, forming vertical vortices.

Fig. 7. Comparison of streamlines for Mn, from 0 to 7x10° and Mn, from 0 to 7x10° at Fo = 0.08 and Ra = 10°
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Fig. 9. Comparisons of (a) streamline, (b) temperature field, (c) velocity field, (d) y-direction Kelvin force field and (e) z-direction Kelvin force field
distributions for Mn, from 0 to 7x10° with Mny = 5x10° at Fo = 0.08.

Figures 8(a) and 8(b) show the velocity field and y-direction Kelvin force field under different combinations of Mny and Mnc,
respectively. In the first row of cases where without z-direction magnetic field, the y-direction Kelvin force presents as force-loops
[32]. These force-loops distribution enables the Kelvin force to influence a large portion of the liquid region, thereby enhancing
convection within the molten NEPCM. From left to right, as Mny increases, the shape of these force-loops becomes increasingly
distinct. The changes in the velocity field shown in Fig. 8(a) align with the previously analyzed effect of coupled y-direction and z-
direction magnetic fields on streamlines. The introduction of the z-direction magnetic field disrupts the original streamline
morphology induced by the y-direction magnetic field. Meanwhile, it also alters the morphology of the velocity field and the pattern
of velocity distribution. In the case with the highest Mny, adding the z-direction magnetic field leads to the formation of vertical
vortices. This explains why a large high-velocity region appears in the cases with the highest Mny and a z-direction magnetic field
in Fig. 8(a).

For the y-direction Kelvin force field, the introduction of the z-direction magnetic field changes its morphology, and this is just
like how it affects the streamlines and velocity field. In the series of cases with the highest Mny, it is evident that the y-direction
Kelvin force field originally has clear force-loops when without z-direction magnetic field is applied. After adding a small z-direction
magnetic field, multiple force-loops begin to merge. When the magnetic number of the z-direction magnetic field increases, the
force-loops nearly vanish. When the magnetic number of the z-direction magnetic field reaches its maximum, the force-loops in
the y-direction Kelvin force field disappear entirely. In their place are clearly divided regions: a high y-direction Kelvin force region
on the left and a low y-direction Kelvin force region on the right, with an overall column-like shape.

Figures 9(a) to 9(e) show the streamline diagram, temperature field diagram, velocity field diagram, y-direction Kelvin force
diagram, and z-direction Kelvin force diagram under different Mn. values when Mny = 5x10°, respectively. As can be seen from Fig.
9(a), with the lowest Mny., the structure of two longitudinal rows of vortices generated by the y-direction magnetic field is disrupted.
Seven of these vortices merge into a single large vortex. This disruption of the vortex structure is caused by the competition between
the z-direction and y-direction magnetic fields. When Mn; increases, the large vortex and small vortices continue to merge, resulting
in an overall streamline morphology with only one vortex. This is because the y-direction and z-direction magnetic fields are evenly
matched at this point. The vortex morphology neither shows characteristics influenced by the y-direction magnetic field nor the z-
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direction magnetic field. When Mn. rises to maximum, the large vortex begins to split transversely, eventually forming two small
vortices arranged in a transverse pattern. At this stage, the z-direction magnetic field dominates magnetic convection, so the vortex
morphology exhibits characteristics affected by the z-direction magnetic field. From Fig. 9(b), it can be observed that the
introduction of the z-direction magnetic field mainly affects the heating side. Comparing the isotherms on the heating side across
the four working conditions, the z-direction magnetic field changes the isotherms on the heating side from straight lines to wavy
shapes. This is consistent with the effect of the z-direction magnetic field on the temperature field analyzed in the previous section.
For the solid side, however, the addition of the z-direction magnetic field has little impact when the y-direction magnetic field is
present. The disruptive effect of the z-direction magnetic field on the y-direction magnetic field can be more clearly seen in the
velocity field diagram of Fig. 9(c). The introduction of the z-direction magnetic field not only changes the streamline morphology
but also reduces the overall velocity. The z-direction magnetic field with the lowest Mn. causes the high-velocity region observed
in the condition without the z-direction magnetic field to disappear completely. Figures 9(d) and 9(e) show the y-direction Kelvin
force field and z-direction Kelvin force field, respectively. Comparing the two sets of diagrams, it can be seen that under this Mny
value, the introduction of the z-direction magnetic field has no obvious impact on the y-direction Kelvin force field. In contrast,
changes in the z-direction Kelvin force field are mostly related only to the magnitude of Mn.. An increase in Mn; only increases the
numerical value of the z-direction Kelvin force and does not significantly alter the morphology of the z-direction Kelvin force field.

Figure 10 shows the z-direction Kelvin force field diagrams under different combinations of Mny and Mn. parameters. The z-
direction Kelvin force distribution in almost all working conditions follows the positive-negative-positive-negative pattern
mentioned in the previous section. For the four groups of y-direction magnetic numbers, an increase in Mn. can amplify the
numerical value of the z-direction Kelvin force but has little impact on its morphology. Only in the two groups of working conditions
with moderate Mny and the highest Mny, the regional differentiation of the z-direction Kelvin force field becomes more obvious
after increasing Mn.. For the three groups of z-direction magnetic numbers, in the two working conditions of the lowest Mn. and
moderate Mn., when Mny is greater than Mn., the z-direction Kelvin force field not only tilts but also tends to have two negative
Kelvin force regions connected together. This is because Mny is stronger than Mn; at this time, so the y-direction magnetic field
plays a role in disrupting the morphology caused by the z-direction magnetic field. However, with the highest Mn., the morphology
of the z-direction Kelvin force field is always determined by the z-direction magnetic field. Therefore, the introduction of the y-
direction magnetic field can only cause tilting and will not change its morphology.
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Figures 11(a) and 11(b) show the variation of liquid fraction with time and the variation of (Nu) with time under different Mny
and Mn. parameters, respectively. From the liquid fraction variation diagram, it can be observed that when a y-direction magnetic
field exists, changing the z-direction magnetic field does not necessarily accelerate melting. In the series of cases with the lowest
Mny, the addition of the z-direction magnetic field shortens the total melting time. In the series of cases with middle Mny, however,
the addition of the z-direction magnetic field leads to a decrease in liquid fraction at the same Fo. This indicates that the z-direction
magnetic field inhibits melting at this point. In the series of cases with the highest Mny, the inhibitory effect of the z-direction
magnetic field is weaker than that in the series of cases with the lowest Mny. This shows that in the presence of a relatively strong
magnetic field, the inhibitory effect of another magnetic field is also quite limited. From the (Nu) variation diagram in Fig. 11(b), it
can be seen that when the Mn is large and the magnetic field intensity is strong, the average (Nu) exhibits fluctuations. The reason
for these fluctuations is consistent with what was analyzed in the previous section: the stronger magnetic force causes more
prominent disturbance of the nanofluid on the heating wall, which disrupts the stable convective heat transfer.

Figures 12(a) and 12(b) show the total heat storage and heat storage efficiency under different Mny and Mn. parameters,
respectively. From the heat storage data in Fig. 12(a), when a y-direction magnetic field exists, increasing the z-direction magnetic
field causes heat storage to first increase and then decrease. This is due to the competition between the z-direction and y-direction
magnetic fields. As mentioned in Section 4.1, enhanced magnetic convection increases heat storage, while weakened magnetic
convection resulting from competition also improves heat storage. Thus, the combination of medium magnetic field intensities (e.g.,
Mny = 5x10° and Mn. = 5x10°) achieves the maximum heat storage. This parameter combination is a good choice if a phase change
system needs to absorb more heat. In this parameter combination, adding a z-direction magnetic field can increase heat storage by
up to 2.3%. The trend for heat storage efficiency is the opposite. Magnetic convection dominated by a single magnetic field can
generate more vortices. As shown in Fig. 12(b), cases where magnetic convection is clearly dominated by one magnetic field have a
shorter total melting time and higher heat storage efficiency. This indicates that multi-vortex modes can effectively improve heat
storage efficiency. Since the two magnetic fields compete with each other and thereby inhibit the melting process, the heat storage
efficiency of most dual-direction magnetic field cases is lower than that of the corresponding single magnetic field cases. The
maximum inhibitory effect can reach 3.9%. Furthermore, the competitive relationship between the dual-directional magnetic fields
can alter the inherent regulation characteristics of a single magnetic field. However, under the parameter combination of Mny =
3x108, the reduction in the total melting time becomes less pronounced as the z-direction magnetic field intensity increases, despite
the simultaneous decrease in the average temperature. To be specific, this regulation strategy enables a maximum reduction of 0.8%
in the average temperature, coupled with a 6.1% extension of the total melting time at most. This result highlights the distinct
superiority of dual-directional magnetic field regulation in scenarios requiring long-term temperature control.
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4.3. Coupling effects of magnetic number and Rayleigh number

In the previous discussions, we found that under low Ra, the magnetic field plays an important role in the melting of NEPCMs.
By changing the magnitude of the magnetic field, we can regulate the melting characteristics of NEPCMs. In this section, we will
continue to discuss the impact of magnetic fields with different directions and magnitudes on the melting of NEPCMs at larger Ra.

Figure 13 shows the comparison of the coupling between the y-direction magnetic field and different z-direction magnetic fields
under Ra = 1x10* and Ra = 1x10°. An increase in Ra means that the intensity of natural convection also increases during the entire
melting process. Figure 13(a) presents that under Ra = 1x10% increasing the magnetic number can promote the temperature
conduction in the upper part of NEPCMs. However, under Ra = 1x10°% the increase in magnetic number has no obvious effect on
melting. This phenomenon occurs because under Ra = 1x10% although the intensity of natural convection is higher than that under
Ra = 1x10% natural convection still cannot fully dominate the flow of liquid PCM. So, when the magnetic number increases, the
enhanced magnetic convection can still affect the flow. When Ra rises to 1x10°, natural convection is strong enough to dominate
the flow of liquid PCM. The intensity of magnetic convection generated by the increased magnetic number is much lower than that
of natural convection. Therefore, under high Ra conditions, the increase in magnetic number has no obvious effect on melting.
Figure 13(b) shows that under both Ra = 1x10* and Ra = 1x10°, the velocity flow mainly shows a single-vortex structure. This is also
because magnetic convection is weaker than natural convection at this time, so the multi-vortex structure caused by magnetic
convection before cannot be formed. From Fig. 13(c), different from the Ra = 1x10% condition, the y-direction Kelvin force presents a
force-bridge structure as Ra increases, indicating that the Kelvin force is mainly concentrated near the heating surface and the
melting front. The variation law of y-direction Kelvin force related to Ra is also consistent with previous studies [32].

Figure 14 shows the time-varying field diagrams under Ra = 1x10% Mny = 7x10° and Mn. = 5x10°. Figure 14(a) shows that when
the intensity of natural convection is comparable to that of magnetic convection, the development of the temperature field presents
a new pattern. In the middle stage of melting (Fo = 0.12), the low-temperature isotherms still maintain a certain angle with the
bottom edge. This means the temperature conduction in this phase change system was relatively uniform before, with no large
temperature difference between the upper and lower parts. As melting proceeds, the angle between the low-temperature isotherms
and the bottom edge becomes larger and larger. This indicates that in the middle and late stages of melting, the melting rate of the
upper part becomes faster and faster. In the late stage of melting (Fo = 0.20), only the lower right corner of the entire cavity is not
completely melted. Figure 14(b) shows the development of the velocity field. In this case, the streamlines mainly form a single-
vortex structure. In the early stage of melting, the velocity is concentrated on the heating side and the solid side. As melting
proceeds, the liquid phase region becomes larger and larger. Under the influence of magnetic field regulation and natural convection,
the velocity on the heating side gradually decreases, while the velocity at the bottom gradually increases. Figure 14(c) illustrates
the formation and fracture process of the force-bridge in the y-direction Kelvin force field. At Fo = 0.04, when melting has just
started, the y-direction Kelvin force is still uniformly distributed throughout the liquid phase region. At this point, the force-bridge
has not yet formed. As melting continues, by Fo = 0.08, changes in the temperature gradient of the liquid phase region led to the
formation of a force-bridge connecting the lower left to the upper right. Until melting is nearly complete (Fo = 0.20), the Kelvin force
in the upper right weakens, causing the force-bridge to break. As shown in Fig. 14(d), like the y-direction Kelvin force, the shape of
z-direction Kelvin force is also related to Ra. Different from low Ra, under Ra = 1x10* and Ra = 1x10°, the negative region of z-
direction Kelvin force almost disappears, and the positive region tends to connect into a single area covering the entire liquid phase
region. At Fo = 0.04, the z-direction Kelvin force field still has positive and negative regions. Over time, the positive-region Kelvin
force field gradually shrinks. At Fo = 0.12, the positive z-direction Kelvin force field disappears completely, leaving only the negative
z-direction Kelvin force field in the entire liquid phase region. The absolute value of the negative z-direction Kelvin force field
follows a decreasing pattern, larger in the middle and smaller at the edges.

Figures 15(a) and 15(b) show the liquid fraction variation with time and average Nu variation with time for the 6 cases discussed
in this section, respectively. From Fig. 15(a), it can be seen that whether under Ra = 1x10* or Ra = 1x10°, adding a z-direction magnetic
field will promote the melting of NEPCMs when a y-direction magnetic field exists. In Fig. 15(b), under Ra = 1x10% only the average
Nu of the Mn: = 0 condition fluctuates. This indicates that adding z-direction magnetic field eliminates the heat transfer instability
caused by the magnetic field mentioned earlier. The reason is that the competition between the z-direction and y-direction
magnetic fields weakens the magnetic convection of the original magnetic field. Under Ra = 1x10°, however, only the condition with
the largest Mn. has no fluctuation. This is because under stronger natural convection, a stronger magnetic field intensity is needed
to eliminate the magnetic convection of the original magnetic field.
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Fig. 14. Changes of (a) temperature field, (b) velocity field, (c) y-direction Kelvin force field and, (d) z-direction Kelvin force field distributions for
NEPCM with Fo for Mny = 7x10° and Mn, = 5x10° at Ra =10*
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Figures 16(a) and 16(b) show the total heat storage and heat storage efficiency diagrams for the 6 working conditions discussed
in this section, respectively. Figure 16(a) shows that after increasing Ra, changes in magnetic field intensity have almost no impact
on heat storage. The maximum change in heat storage is only 0.3%. However, under Ra = 1x10% increasing Mn can increase the heat
storage capacity of the entire NEPCM system, with a maximum increase of 5.7%. From Fig. 16(b), it can be seen that under the two
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groups of different Ra conditions, increasing Mn can reduce the total melting time. This indicates that the magnetic field promotes
the melting of NEPCMs. The heat storage efficiency, which changes with the total melting time, also shows a trend of increasing
with Mn under these two groups of different Ra conditions. Under Ra = 1x10% the increase in heat storage efficiency is particularly
obvious, with a maximum of 12.9%. In general, under Ra = 1x10*% adding a z-direction magnetic field to couple with the y-direction
magnetic field for system regulation can improve both heat storage and heat storage efficiency. Under Ra = 1x10°, however, adding
a z-direction magnetic field to couple with the y-direction magnetic field for system regulation can improve heat storage efficiency
while keeping heat storage almost unchanged.

4.4. Coupling effects of magnetic number and Rayleigh number

Figure 17 shows the schematic diagram of vortex mode formation over a range of 10° < Ra < 10%, 0 < Mny < 7x10°, and 0 < Mn, <
7x10%. The blue contour in Fig. 17(b) represents the melting interface. Four vortex modes are identified: Gray sphere denotes the
conventional single-vortex structure; orange cube denotes the longitudinally differentiated vortex dominated by the y-direction
Kelvin force; yellow tetrahedron denotes the transversely differentiated vortex dominated by the z-direction Kelvin force; red star
denotes the vertical vortex in the cavity, formed by the strong coupling of the y-direction and z-direction Kelvin forces acting on
the fluid. It can be seen from Fig. 17(a) that when Ra is increased to make the natural convection induced by buoyancy stronger
than magnetic convection, all vortex modes exhibit the conventional single vortex structure. At this stage, the magnetic convection
caused by the Kelvin force is not strong enough to significantly disturb the fluid and form new vortices. Thus, the vortex mode
remains the single-vortex structure, consistent with the non-magnetic case. Combined with the discussion in Section 4.3, since no
new vortices are formed, the magnetic field regulation on melting is monotonic. In other words, increasing the magnetic field
strength can monotonically improve both heat storage capacity and heat storage efficiency. At low Ra, the intensity of natural
convection is weak. Magnetic convection induced by the Kelvin force more easily dominates the vortex differentiation of the fluid.
At this stage, increasing either the y-direction or z-direction magnetic field can cause vortex differentiation. When the y-direction
magnetic field is increased, the vortex is first longitudinally split into several regular small vortices. When the z-direction magnetic
field is increased, the vortex is first transversely split before further differentiation. Multi-vortex structures dominated by either the
y-direction or z-direction magnetic field all improve heat storage efficiency. This is due to their higher flow complexity compared
with the single-vortex structure. When the intensities of the y-direction and z-direction magnetic fields are comparable, their
competitive mechanism weakens their respective regulation effects. A conventional single vortex similar to the mutual cancellation
of the two fields eventually forms. At this point, the heat storage efficiency is not significantly improved due to the competitive
interaction between the two magnetic fields. When the y-direction magnetic field is sufficiently strong and the z-direction magnetic
field is also present, the coupling of the two fields results in a vertical vortex structure. Although magnetic convection is strong, the
number of vortices is small and thermal convection efficiency is low. Thus, the total melting time is not as good as that of other
multi-vortex structures.

5. Conclusion

This study investigates the regulation mechanism of dual-directional magnetic fields on the flow, melting and thermal energy
storage performance of composite phase change materials with low FesOs concentration and high-porosity metal foam under a
limited temperature difference. A verified numerical model is proposed to study the flow characteristics, melting front evolution
and heat storage performance evaluation of NEPCMs. The effects of Mny and Mn. in different directions and Ra on the melting
process are numerically studied. The main conclusions are as follows:

— Adding a magnetic field parallel to buoyancy can effectively promote the melting of NEPCMs. The key to how this magnetic
field affects NEPCM melting is that it can split the single-vortex structure generated by natural convection into a multi-
vortex structure. This multi-vortex structure promotes the flow of liquid PCM, which in turn enhances heat transfer.
Eventually, it speeds up the melting rate of NEPCMs. Although adding a magnetic field parallel to buoyancy can increase the
heat storage efficiency of the phase change system, with a maximum increase of 4.613%, the heat storage capacity decreases
as Mn increases. For the case with the highest heat storage efficiency, the heat storage capacity is also the smallest.

— The coupling between the y-direction magnetic field orthogonal to buoyancy and the z-direction magnetic field parallel to
buoyancy exerts complex effects on the melting process of NEPCMs. The coupling of medium or low Mny and Mn, triggers a
competitive interaction between the two magnetic fields, which further destroys the magnetic convection characteristics
induced by each individual magnetic field acting alone. In contrast, high intensity dual-directional magnetic fields drive the
liqguid NEPCMs to form vertical vortices. From the perspective of magnetic field action morphology, the force-loop structure
corresponding to the y-direction Kelvin force is disrupted by the gradually intensifying z-direction magnetic field and
eventually transforms into a force-column. The thermal storage capacity and thermal storage efficiency of the system
depend on the strength of the competitive effect between the dual-directional magnetic fields.

— An increase in the Rayleigh number significantly weakens the effect of the magnetic field. The greater Rayleigh number
enhances the dominance of natural convection, so that the magnetic convection induced by the magnetic field can no longer
form a multi-vortex structure in the liquid phase change material. The morphologies of the Kelvin forces in the two
directions also change accordingly: the y-direction Kelvin force transforms from the original force-loop structure into a force-
bridge structure; the positive region of the z-direction Kelvin force shrinks and evolves into a sheet-like negative region that
almost covers the entire liquid phase region. Since the vortex morphology is fixed as a single vortex, the introduction of the
magnetic field exerts no negative effect on the heat storage capacity and heat storage efficiency. When Ra = 1x10% the
simultaneous improvement of heat storage capacity and heat storage efficiency can be achieved. When Ra = 1x10°, the heat
storage efficiency can be enhanced without changing the heat storage capacity.

The above results reveal the regulation mechanism of the dual-directional magnetic fields and buoyancy on the melting
characteristics and energy storage capacity of phase change materials, providing a theoretical basis for the optimal design of
thermal management systems. In future research, we will conduct a more in-depth investigation into the coupled regulation
mechanisms of complex magnetic systems, identify optimal Mn combinations for specific operating conditions and performance
objectives, and explore their potential applications in thermal management and energy storage.
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Nomenclature
Amsn Computational morphology coefficient [kg/m® s] as  Fluid-solid interfacial surface area [m™]

c Specific heat capacity [J/kg K] C  Inertial coefficient
dr Characteristic length [m] ds  Fiber diameter [m]
dp Pore size [m] Da Darcy number

E Heat storage capacity [J] F  Liquid fraction

F Viscosity ratio of NEPCM to pure PCM Fo  Fourier number
Fr Kelvin force vector [N] G  Gravitational constant [m/s?]

H External magnetic field intensity vector [A/m] hy  Interfacial heat transfer coefficient [W/m? K]

k Thermal conductivity [W/m K] ka  Thermal dispersion conductivity
K Permeability [m?] L  Latent heat [kJ/kg]

M Magnetization intensity vector [A/m] M  Magnetic field parameter
Mn  Magnetic number N  Dimensionless side length of external cubic cavity

n Power-law index Nu  Nusselt number
p Pressure [N/m?] Pr  Prandtl Number
Q Heat storage rate [J/s] Ra  Rayleigh number
Re Reynolds number Sp  Sparrow number
Ste Stefan number T  Temperature [K]

T Time [s] u  X-velocity component [m/s]

Um Characteristic velocity [m/s] U  Non-dimensional X-velocity component

U Velocity vector [m/s] v Y-velocity component [m/s]

v Non-dimensional Y-velocity component w  Non-dimensional Y-velocity component
w Non-dimensional Z-velocity component x  X-coordinate [m]

X Non-dimensional X-direction y  Y-coordinate [m]

Y Non-dimensional Y-direction z  Z-coordinate [m]

z Non-dimensional Z-direction

Greek symbols

a Effective thermal diffusivity of porous medium and fluid [m%s] 5  Thermal expansion coefficient [K™]

€ Porosity of copper foam o Surface tension [N/m]

0 Non-dimensional temperature # Dynamic viscosity of liquid paraffin [kg/m s]
1o Magnetic permeability of vacuum [T m/A] ¢ Effective thermal diffusivity ratio between paraffin and copper foam
&p  Specific heat capacity ratio between paraffin and copper foam ¢, Density ratio between paraffin and copper foam
&,  Mass fraction of nanoparticles p  Density [kg/m?]

777 Non-dimensional shear stress tensor v Kinematic viscosity of paraffin [m¥s]

1z Average liquid fraction for NEPCM Xm Magnetic susceptibility
X, Non-dimensional magnetic susceptibility xo  Reference magnetic susceptibility
X Tortuosity coefficient «  Pore density of copper foam (pores per inch, PPI)

Subscripts
eff  Effectiveness h  Heater
nf NEPCMs np  Nanoparticles (FesOs)
nfe  Effectiveness of NEPCMs p  Porous metallic matrix

s Porous media (copper foam) se  Effectiveness of porous media (copper foam)
00 External environment * Dimensionless
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