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Abstract: This paper explores the potential of thermal storage as an energy storage technology
with cost advantages. The study uses numerical simulations to investigate the impact of adding
porous material to the HTF side during solidification to improve the heat transfer effect of TES using
AlSi12 alloy as the phase-change material. The research also examines the effects of adding porous
dielectric materials and increasing air velocity on the discharge temperature, discharge power, and
discharge time of high-temperature phase-change energy storage systems. The study found that
the temperature difference of the PCM (increased), solidification time (reduced more than 85%), the
outlet temperature of the air, and heat discharge power of the LHS did not vary significantly across
different porous materials (copper foam, nickel foam, and silicon carbide foam) added to the HTF
tube. These findings offer important information for the design of high-temperature phase-change
energy storage devices and can guide future developments in this field.

Keywords: thermal energy storage; CFD simulation; AlSi12 alloy; phase-change material; porous media

1. Introduction

Numerous countries across the globe have implemented and expanded renewable
energy sources as a means of tackling climate challenges and promoting sustainable devel-
opment [1]. However, one of the main problems with renewable energy generation is its
intermittency [2], which leads to energy storage becoming an integral part of renewable en-
ergy systems [3]. Thermal energy storage (TES) is an important form of energy storage due
to its lower cost compared to electrical energy storage. Thermal energy storage technologies
include sensible heat storage (SHS), latent heat storage (LHS), and thermochemical energy
storage (THS) [4]. LHS devices use phase-change materials (PCMs) as thermal energy
storage media; as the PCMs phase change, thermal energy is stored in or released from the
LHS device [5]. Thermal conductivity is a critical aspect of PCM-based LHS systems [6].
Three things are essential for LHS: firstly, suitable PCMs; secondly, suitable PCM containers;
thirdly, the right heat exchanger. Therefore, for LHS, in addition to the selection of the heat
exchange [7], improving the thermal conductivity of the PCM and optimising the structure
of the LHS unit are also the main methods to improve the performance of the LHS [8].

Metal phase-change materials (mPCMs) have high thermal conductivity and high
thermal storage density compared to other phase-change materials [9]. Due to the excellent
thermal conductivity of phase-change materials (PCMs), no further enhancement of heat
transfer is required within the PCM itself. The heat transfer between the PCM and the
HTFs becomes the primary limiting factor for the power dissipation of PCM-based systems.
Optimizing the structure of the LHS unit has the potential to further improve the heat
transfer performance of LHS with mPCMs. However, there has been less research into the
improved heat transfer of metallic PCMs with better thermal conductivity. Therefore, it is
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necessary to enhance the heat transfer performance between the PCM and the heat transfer
fluid in order to improve the power dissipation capability of PCM-based materials.

Shell and tube heat exchangers are the most commonly used heat transfer devices for
LHS [7]. Fragnito et al. [10] conducted an experimental and numerical study to investigate
the thermal performance of a vertical shell and tube heat exchanger containing a biological
phase-change material (PCM) connected to a water-chiller system. Equation (1) represents
the basic principle of heat transfer, and the key to increasing the heat transfer rate lies in
the three parameters Kch, A, and ∆t:

Φ = Kch A∆t (1)

where Φ is the heat transfer rate in W, Kch is the heat transfer coefficient between the hot
and cold objects in W·m−2·K−1, A is the heat transfer area in m2, and ∆t is the temperature
difference in heat transfer in K. For the LHS, the primary approach to enhance the heat
transfer rate is to increase the thermal conductivity of the phase-change material (PCM),
expand the heat transfer area, and improve the uniformity of the heat transfer process, as
mentioned in Reference [11]. Much research has been done on enhancing the thermal con-
ductivity of PCM, in which [12–17] is the addition of porous materials to PCM to improve
the thermal conductivity of PCM. The most common method of increasing the convective
heat transfer area is to use fins [18–21]. In addition to these two aspects, improving the
uniformity of the heat transfer process will also improve the thermal conductivity of the
LHS [22]. For enhancing the thermal conductivity of the LHS, porous materials are mainly
added to the PCM side to improve the thermal conductivity of the PCM while increasing
the heat transfer area. There has been relatively little research into enhancing heat transfer
by adding porous materials to the HTF side to increase the heat transfer area. Moreover,
most of the studies on enhancing heat transfer in LHS have focused on heating PCM with
high-temperature fluid to observe the melting process of PCM, while this paper focuses on
cooling PCM with low-temperature fluid to simulate the solidification process of PCM.

Therefore, this paper focuses on the addition of porous materials on the HTF side
during the solidification of the phase-change metal Al-Si alloy to improve the heat trans-
fer of TES with AlSi12 alloy as the phase-change material. Combining experimental and
numerical simulation methods is an efficient approach in the field of phase-change mate-
rials [23,24], as demonstrated by the research of Li et al. [25]. However, for phase-change
materials such as Al-Si alloy, which has relatively high phase-change temperatures, con-
ducting experiments becomes challenging. Numerical simulation is an important method
for studying latent heat storage devices. Compared with experimental methods, it has the
advantage of low cost, short time, and easy-to-adjust parameters [26]. In this study, we
employed numerical simulations to investigate the effects of incorporating porous media
materials and increasing the air velocity on the thermal performance of high-temperature
phase-change energy storage systems. Specifically, we examined the impact of these factors
on the outlet temperature, heat discharge power, and heat discharge time. The obtained
results provide valuable insights for the design of high-temperature phase-change energy
storage devices, offering guidance and direction for future developments.

2. Numerical Simulation
2.1. Physical Model
2.1.1. Dimensions of the Physical Model

This study simulates the solidification process of AlSi12 alloy in a latent heat thermal
energy storage (LHS) system, cooled by a low-temperature heat transfer fluid (HTF). As
shown in Figure 1a, the heat exchanger section of the LHS has HTF air flowing inside a
tube and the phase-change material (PCM) stored in a shell outside. HTF is injected at the
top and exits at the bottom of the LHS. In the air tube, the porous material can be added to
enhance the discharge performance of the LHS. A two-dimensional axisymmetric model is
shown in Figure 1b,c with and without porous material. In the model, the LHS tube has a
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length (L1) of 0.2 m and a radius (R) of 0.1 m; the air tube has a length (L2)of 0.28 m and
radius (r) of 0.0277 m.

Figure 1. (a) Three-dimensional view of the heat exchanger of the LHS. (b) Two-dimensional ax-
isymmetric view of the heat exchanger of the LHS without porous material. (c) Two-dimensional
axisymmetric view of the heat exchanger of the LHS with porous material.

2.1.2. Physical Properties

AlSi12 alloy is used as a PCM in this paper, and its physical property parameters are
shown in Table 1 [27–29]. The viscosity of AlSi12 alloy is obtained from the literature [29] and
varied with temperature, as shown in Figure 2. In subsequent simulations, the temperature-
dependent data are fitted as a function into fluent, which is described in detail in the next
chapter. In the LHS, in addition to the PCM in the shell, there is also the HTF in the tube
for heat transfer. Air is selected as the HTF in this paper. Due to the extensive operating
temperature range of air, the property parameters of the air are treated as varying with
temperature as Table 2 [30]. In this paper, the physical properties of porous materials are
considered to be constant and more stable compared to the previous PCM and HTF. The
selected porous materials for this study are made of copper, nickel, and silicon carbide, and
their properties are presented in Tables 3 and 4 [31].

Table 1. Physical properties of AlSi12 [27–29].

Properties Unit Value

Density at 298.15 K (25 ◦C) kg·m−3 2642
Density at Liquidus Temperature kg·m−3 2460

Cp (Specific Heat) at Solid 298.15 K (25 ◦C) J·kg−1·K−1 1038
Cp (Specific Heat) at Liquid J·kg−1·K−1 1741
Thermal Conductivity, solid W·m−1·K−1 180
Thermal Conductivity, liquid W·m−1·K−1 70

Thermal Expansion Coefficient K−1 0.000131
Pure Solvent Melting Heat J·kg−1 470,000

Melting Temperature ◦C 576
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Figure 2. Dynamic viscosity diagram of AlSi12 alloy [29].

Table 2. Physical properties of air [30].

T (K) ρHTF (kg·m−3) cp,HTF (J·kg−1·K−1) λHTF (W·m−1·K−1)

275 1.284 1003.8 0.02428
300 1.177 1004.9 0.02624
325 1.086 1006.3 0.02816
350 1.009 1008.2 0.03003
375 0.9413 1010.6 0.03186
400 0.8824 1013.5 0.03365
450 0.7844 1020.6 0.0371
500 0.706 1029.5 0.04041
550 0.6418 1039.8 0.04357
600 0.5883 1051.1 0.04661
650 0.543 1062.9 0.04954
700 0.5043 1075 0.05236
750 0.4706 1087 0.05509
800 0.4412 1098.7 0.05774
850 0.4153 1110.1 0.0603
900 0.3922 1120.9 0.06276

Table 3. Physical properties of raw materials for porous materials [31] 1.

Raw Materials for
Porous Materials Density (kg·m3)

Specific Heat Capacity
(J·kg−1·K−1)

Thermal Conductivity
(W·m−1·K−1)

Copper 8930 386 398
Nickel 8900 444 91.4

Silicon carbide 3210 1244 80
1 Reproduced with permission from Chen 2016 [31].

Table 4. Physical properties of porous materials [31] 1.

Porous Materials Permeability
(m2)

Drag Coefficient
(m−1)

Pore Diameter
(m) Porosity

Copper foam 1.092 × 10−7 451.88 0.001047 0.9
Nickel foam 7.345 × 10−8 659.2 0.001007 0.87

Silicon carbide foam 2.369 × 10−7 515.2 0.001851 0.88
1 Reproduced with permission Chen 2016 [31].
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2.2. Numerical Modeling
2.2.1. Numerical Model of the Heat Exchanger

The shell and tube heat exchanger of the LHS, which uses a two-dimensional axisym-
metric model, as shown in Figure 3, is considered to be in an adiabatic environment. The
outer walls of the heat exchanger of the LHS are, therefore, treated as adiabatic walls. For
the inlet of the air tube, the velocity inlet is chosen. The air inlet temperature is selected
as 298.15 K (25 ◦C). For the outlet, the pressure outlet is selected and the coupled wall is
chosen between the PCM and HTF. The initialisation temperature is 873.15 K (600 ◦C). Grid
cell size is 0.001 m. The time step is 1 s. Pressure-velocity coupling for forced convection in
air is achieved by the semi-implicit method for pressure linked Equations (SIMPLE). The
PRESTO scheme is used for the pressure correction equation.

Figure 3. Two-dimensional axisymmetric numerical model of the heat exchanger of the LHS.

2.2.2. Numerical Model of the HTF

A numerical study is conducted to examine the properties of air, including specific
heat capacity, thermal conductivity, viscosity, and density. The results show that the specific
heat capacity of air rises gradually with temperature, while the thermal conductivity
and viscosity of air increase with temperature. However, the air density decreases with
temperature. Equations (2)–(5) for each property as a function of air temperature are
obtained by fitting polynomials:

cp,HTF(T) = −4.04× 10−7T3 + 8.58× 10−4T2 − 3.64× 10−1T + 1.05× 103 (2)

λHTF(T) = 1.37× 10−11T3 − 14.80× 10−8T2 + 1.03× 10−4T − 5.63× 10−4 (3)

µHTF(T) = 1.53× 10−14T3 − 4.37× 10−11T2 − 6.88× 10−8T + 1.351× 10−6 (4)

ρHTF(T) = −4.57× 10−9T3 + 1.04× 10−5T2 − 8.50× 10−3T + 2.91 (5)

2.2.3. Numerical Model of PCM

Most of its parameters are entered into the numerical model, as shown in Table 1, and
functions are used when dealing with viscosity and specific heat capacity. Equation (6) is
used when working on the viscosity; when the temperature of the PCM is lowered to a
certain range, it is treated as a solid and the viscosity is particularly high. The specific heat
capacity is obtained by taking the specific heat of the solid PCM and adjusting it to the
specific heat of the liquid PCM at two points, and Equation (7) is obtained:

µpcm(T) =

{
0.000919T if 273.15 K < T < 850 K
1× 10−9T2 − 4× 10−6T + 0.0031 if 850 K < T < 1300 K

(6)

cp,pcm(T) = 1.27591T + 657.6 (7)

2.2.4. Computational Setup

The simulations in this research were conducted using a high-performance workstation
equipped with 128 CPUs and 512 GB RAM. This robust computing setup facilitated the
efficient handling of the computational requirements inherent in our simulations. This
research encompasses a grid sensitivity analysis, involving variations in the grid size from
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0.5 mm to 3 mm. The results indicate that when the grid size is smaller than 1 mm, there is
no significant change in the calculation outcomes. Consequently, to optimize calculation
time, a grid size of 1 mm was adopted in this study. The computational time for each case
varied, taking several days on average to complete the simulation. The duration depended
on the complexity of the case and the specific parameters involved. Due to the significant
gradients present, calculation time emerged as a critical consideration, necessitating several
days for each case calculation. However, parallel calculations were employed for multiple
cases, ensuring that the overall calculation time remained acceptable. Convergence was
successfully achieved within each time step, with unscaled residuals of 10−6 for the mass,
momentum, and energy equations. The initialization temperature was set at 873.15 K,
while the grid cell size was 0.001 m, and the time step was 1 s. These choices were made to
uphold accuracy, precision, and computational efficiency throughout the research.

2.3. Governing Equation

For HTF in an air tube without added porous media:

∇ · (ρHTFVHTF) +
∂ρHTF

∂t
= 0 (8)

∂(ρHTFuHTF)

∂t
+ VHTF · ∇(ρHTFuHTF) = −∇PHTF + µHTF∇2uHTF − (ρHTF − ρ0)g (9)

∂(ρHTFcp,HTFTHTF)

∂t
+ VHTF · ∇(ρHTFcp,HTFTHTF) = ∇2(λHTFTHTF) (10)

where Equation (8) is a continuity equation, Equation (9) is a momentum equation, and
Equation (10) is an energy equation.

For the governing equation of PCM without the addition of porous material in the air
tube, because the density variation of the PCM is ignored, the continuity equation can be
simplified as:

∇ ·VPCM = 0 (11)

and when the natural convection is also ignored, the continuity momentum equation can
be simplified as:

ρPCM
∂uPCM

∂t
+ ρPCM(VPCM · ∇uPCM) = −∇PPCM + µPCM∇2uPCM + AsuPCM (12)

where

As =
C(1− β)2

β3 + ζ
(13)

where C is the mushy zone constant and ζ is a small number to avoid dividing by zero.
The mushy zone constant in this study is 105. The above equations denoted the source term
for damping the velocity in solidified phase.

The energy model of the PCM is represented using an enthalpic approach:

∂

∂t
(ρPCMH) +∇ · (VPCMρPCMH) = ∇ · (λPCM∇TPCM) (14)

where H is the enthalpy expression of the PCM, expressed as follows, and h represents the
specific sensible heat of the PCM:

H = h + ∆H (15)

h = href +
∫ T

Tref

cp,PCM dT (16)
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∆H = βL (17)

where ∆H represents the change in latent heat during the phase change of the PCM
and is expressed in Equation (15), L is the latent heat of the PCM material, and β is the
liquid-phase fraction of the PCM material. When the PCM temperature is higher than the
solid phase temperature, the liquid-phase fraction of PCM is 1; when the PCM temperature
is lower than the liquid-phase temperature, the liquid-phase fraction of PCM is 0; when
the PCM temperature lies between the liquid and solid phases, the liquid-phase fraction
of PCM is obtained by the temperature-dependent equation. In this study, the solidus
temperature used is 575 ◦C, and the liquidus temperature is 577 ◦C.

β =


0 if T < Tsolidus

1 if T > Tliquidus
T−Tsolidus

Tliquidus−Tsolidus
if Tsolidus < T < Tliquidus

(18)

The porous material is added to the air tube during the strengthening of the LHS
exothermic process. The governing equation under these conditions is presented. When
adding porous material to an air tube, a local thermal non-equilibrium model is used due
to the significant difference in physical properties between the air and the porous material.
The governing equations for HTF when porous material has been added to the air tube.

∂(ερHTF)

∂t
+∇ · (ρHTFVHTF) = 0 (19)

1
ε

∂(ρHTFuHTF)

∂t
+

1
ε2 VHTF · ∇(ρHTFuHTF) = −∇PHTF +

µHTF
ε
∇2uHTF + Su − (ρHTF − ρ0)g (20)

Su = −
(

µHTF
K

+
ρHTFCE√
K|~VHTF|

)
u (21)

Equation (19) is the continuity equation for HTF with porous material, while Equation (20)
is the momentum equation, in which Su is described as Equation (21).

The Darcy–Brinkman–Forchheimer model is used in this paper to describe the resis-
tance to fluids generated by porous materials. Energy equation:

ε
∂(ρHTFcp,HTFTHTF)

∂t
+ VHTF · ∇(ρHTFcp,HTFTHTF) = ∇2(λHTFTHTF) + Ss f (22)

Ss f = −hs f as f (THTF − Ts) (23)

The governing equations for porous materials is when porous material has been added
to the air tube. Porous materials are solids, so the continuity and momentum equations are
not involved for porous materials:

∂[(1− ε)ρscsTs]

∂t
= ∇ · [(1− ε)λs∇Ts] + hs f as f (THTF − Ts) (24)

where hs f is the fluid-to-solid heat transfer coefficient and as f is the interfacial area density.
They are the parameters that precede the heat exchange between a fluid and a solid
in a porous material. When a local non-thermal equilibrium model is used, these two
parameters must be specified. They are calculated according to Equations (25)–(27):

hs f =
(2 + 1.1Re0.6

d Pr1/3)λHTF

dp
(25)
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as f =
6(1− ε)

dp
(26)

Red =
ρHTFuHTFdp

µHTF
(27)

2.4. Validation of Flow Models

In the LHS heat exchanger section, the inlet speed of the air is set at different inlet
speeds. In this paper, the air inlet velocity is selected as 2, 4, 6, and 8 m/s. The HTF is
turbulent at velocities of 2, 4, 6, and 8 m/s; different turbulence models can be chosen
for the simulation of turbulence. Among the k-ω models, the SST k-ω model is the most
commonly used. Among the k-ε models, the RNG k-ε model and the realized k-ε model
are more commonly used. These two models are variations of the standard k-ε model and
provide a more accurate and precise simulation of turbulence than the standard k-ε model.
In this paper, three different turbulence models, i.e., the SST k-ω model, the RNG k-ε model,
and the realized k-ε model, are compared in order to select the most suitable turbulence
model. For the validation of the turbulence model, a pipe flow case was constructed, which
is shown in Figure 4.

Figure 4. Numerical model for turbulence model validation.

The model is a two-dimensional axisymmetric model. The length is 1.1 m, the radius
is 0.0277 m, and the wall conditions are constant wall temperature of 473.15 K. The radius
of the model is the same as the radius of the air tube in the heat exchanger of the LHS.
The inlet is a velocity inlet and the outlet is a pressure outlet. The inlet velocities of the air
are 2 m/s, 4 m/s, 6 m/s, and 8 m/s, respectively. The direction of gravity extends in the
direction of the x-axis. The HTF of the model is air, which has the same properties as the air
in the heat exchanger at the LHS mentioned earlier, using a variable materiality treatment.
During the validation of the turbulence model, the steady-state solution is used.

In this paper, three different turbulence models are compared at different air inlet
velocities by means of the Nusselt number. The value of the Nusselt number is derived
from the empirical Equation (28) [32] and the defining Equations (29) and (30) for the
Nusselt number, respectively. In the equations, d represents the characteristic length of the
numerical model and is the diameter of the long air tube, L represents the tube length of
the tube, ∆t represents the temperature difference between the wall of the tube and the
average temperature of the air at the selected section, and ∂t

∂y represents the temperature
gradient at the selected cross-section near the wall of the tube.

Nu = 0.0214
(

Re0.8 − 100
)

Pr f
0.4 ·

[
1 +

(
d
l

) 2
3
](

THTF
Tw

)0.45
(28)

Nu = hHTF
d

λHTF
(29)

hHTF =
λHTF

∆t

(
∂t
∂y

)
(30)

In this paper, four points near the thermostatic wall (473.15 K) at axial distances of
0.22 m, 0.44 m, 0.66 m, and 0.88 m are used to verify the Nusselt number. The results
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are shown in Figure 5. The three turbulence models SST k-ω model, RNG k-ε model, and
realized k-ε model, are compared when the air inlet velocity is 2 m/s. When the SST k-ω
model is used, the empirical value of the Nusselt number is greater than the simulated
value of the Nusselt number. When the RNG k-ε model is used, the empirical value of
the Nusselt number is smaller than the simulated value of the Nusselt number for all the
sections taken. The difference between the two sets of Nusselt numbers becomes larger
and larger as the tube length continues to increase. When realized k-ε model is used, the
overall trend is similar to that of the RNG k-ε model.

Figure 5. Comparison of the Nusselt number for air inlet velocity of 2 m/s: (a) SST k-ω model,
(b) RNG k-ε model, and (c) realized k-ε model. Schemes follow the same formatting.

The three models, k-ω SST, RNG k-ε, and realized k-ε, are also compared and analyzed
at air inlet velocities of 4 m/s, 6 m/s, and 8 m/s. To ensure consistency in the choice of
turbulence model, the RNG k-ε model is chosen.

2.5. Validation of the LTNE Model

The LTNE model is used when porous material is added to the HTF tube. According
to the literature [33], the dimensionless numbers must satisfy the following conditions:

Pe =
ρHTFcp,HTFuHTFD

λHTF
= 10 (31)

Bi =
hsfasfD2

λfe
= 0.5 (32)

Da =
K

εD2 = 0.000001 (33)

ρHTFεCEuHTFD2

εK1/2 = 1 (34)

ρHTFuHTFD
εµHTF

= 10 (35)

λfe
λse

= 10 (36)

Therefore, the following physical parameters in Table 5 are selected. The initialization
temperature is the temperature of the tube wall. D is the tube diameter.
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Table 5. Parameters for LTNE model validation.

Physical Properties Unit Value

λHTF W·m−1·K−1 10
λs W·m−1·K−1 99

cp,HTF J·kg−1·K−1 1000
ρHTF kg·m−3 1
µHTF kg·m−1·K−1 1.01× 10−2

ε - 0.99
uHTF m·s−1 1

D m 0.1
K m2 9.9× 10−9

CE m−1 1.02× 10−4

hs f W·m−2·K−1 99
as f m−1 5
λ f e W·m−1·K−1 9.9
λse W·m−1·K−1 0.99

The results of the radial temperature distribution simulation are shown in Figure 6.
The data used for the “Values of Literature” in Figure 6 are referenced from [33].

Figure 6. Comparison of the Nusselt number for an air inlet velocity of 6 m/s: (a) Fluid dimensionless
temperature X = 0.2D, (b) Solid dimensionless temperature X = 0.2D.

3. Results and Discussion
3.1. Study of Heat Discharge through a Round Tube Heat Exchanger
3.1.1. Analysis of the Liquid-Phase Fraction and Temperature Distribution of PCM

With an air inlet velocity is 4 m/s, the liquid-phase fraction of AlSi12 alloy is shown in
Figure 7. When the air inlet velocity is 4 m/s, the liquid-phase fraction of AlSi12 alloy is
almost entirely one at a flow time of 1200 s. As the flow time increases, the solid–liquid
mixed AlSi12 alloy with low liquid fractions is concentrated at the top and near the HTF
tube. When the flow time is 7800 s, the liquid-phase fraction of the top AlSi12 alloy is still
clearly stratified and the part near the HTF tube is completely solidified. The AlSi12 alloy
at the bottom is still in a solid–liquid mixture, with a liquid-phase fraction between 0.4 and
0.6. When the flow time is 12,000 s, the proportion of completely solidified AlSi12 alloy at
the top increases, and the rest of the AlSi12 alloy remains in a solid–liquid mixture, with the
liquid-phase fraction falling from 0.1 to 0.3.

When no porous material is added to the HTF tube and the air inlet velocity is
4 m/s, there is little difference in the liquid-phase fraction within the AlSi12 alloy during
solidification. The solidification process takes place simultaneously in the axial and radial
directions. The AlSi12 alloy near the top of the HTF tube solidified more quickly than the
AlSi12 alloy at other locations. The AlSi12 alloy at the top near the HTF tube is close to the
air inlet for better heat exchange with the air.
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Figure 7. Liquid-phase fraction of PCM when no porous material is added, and the air inlet velocity
is 4 m/s: (a′) Flow time 1200 s, (b′) Flow time 3600 s, (c′) Flow time 7800 s, (d′) Flow time 12,000 s.
Temperature of PCM when no porous material is added, and the air inlet velocity is 4 m/s: (a′′) Flow
time 1200 s, (b′′) Flow time 3600 s, (c′′) Flow time 7800 s, (d′′) Flow time 12,000 s.

When the air inlet velocity is 4 m/s, the temperature of AlSi12 alloy is shown in
Figure 7. At an air inlet velocity of 4 m/s and a flow time of 1200 s, the temperature
distribution of the AlSi12 alloy is uniform. At a flow time of 3600 s, the temperature of the
top AlSi12 alloy near the HTF tube dropped significantly. When the flow time is 7800 s,
the overall temperature of the AlSi12 alloy drops; the top part of the AlSi12 alloy near the
HTF tube has a lower temperature. When the flow time is 12,000 s, there is almost no
temperature difference in the top AlSi12 alloy. The temperature of the bottom AlSi12 alloy
near the HTF tube is the same as that of the top AlSi12 alloy, while the temperature of the
bottom AlSi12 alloy away from the HTF tube is higher. Only the top part of the AlSi12
alloy near the HTF tube has a lower temperature. With an air inlet velocity of 4 m/s and
no porous material added to the HTF tube, the temperature change of the AlSi12 alloy
is similar to the change in its liquid-phase fraction, which also occurs in the axial and
radial directions.

The liquid-phase fractions of AlSi12 alloys at air inlet velocities 4 m/s and 8 m/s are
shown in Figure 8. When the flow time is 1200 s, the liquid-phase fraction of the AlSi12 alloy
is almost one at an air inlet velocity of 4 m/s. However, at an air inlet velocity of 8 m/s, the
liquid-phase fraction of the Al-Si alloy already changes. When the flow time is 3600 s, the
liquid-phase fraction of the AlSi12 alloy with an air inlet velocity of 8 m/s is significantly
lower compared to the liquid-phase fraction with an air inlet velocity of 4 m/s. The AlSi12
alloy is fully solidified near the air inlet at an air inlet velocity of 8 m/s. When the flow time
is 3600 s, most of the AlSi12 alloy has been completely solidified in air at an inlet velocity of
8 m/s. The increase in air inlet velocity significantly accelerates the solidification process
of AlSi12 alloys. When the air inlet velocity increases, the solidification of the AlSi12 alloy
still takes place simultaneously in the axial and radial directions. The increase in air inlet
velocity has little effect on the tendency of the AlSi12 alloy to solidify. The slower melting
observed in the points at the lower-left corner is attributed to the cold fluid entering from
that point. This behavior can be observed and explained in more detail in Figure 3, where
the flow patterns and directions are depicted.

The temperature of the AlSi12 alloy at air inlet velocities 4 m/s and 8 m/s is shown
in Figure 9. At an air inlet velocity of 4 m/s and flow time of 1200 s, there is almost
no temperature difference within the temperature of the AlSi12 alloy. When the air inlet
velocity is 8 m/s and the flow time is 1200 s, a temperature difference occurs inthe AlSi12
alloy. The lower temperatures are concentrated in the top part of the AlSi12 alloy near the
HTF tube. As the flow time increases, the comparison of temperature of the AlSi12 alloy
at different air inlet velocities is more pronounced. At an air inlet velocity of 8 m/s, the
overall temperature of the AlSi12 alloy is lower, and the temperature of the AlSi12 alloy near
the top of the HTF tube is even lower. When the air inlet velocity increases, the temperature
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drop of the AlSi12 alloy accelerates. When the air inlet velocity increases, the change in
temperature of the AlSi12 alloy is still axial and radial. The increase in air inlet velocity
does not change the trend of temperature change.

Figure 8. Liquid phase fraction of PCM when no porous material is added, and the air inlet velocity
is 4 m/s: (a′) flow time 1200 s, (b′) flow time 3600 s, (c′) flow time 7800 s; when the air inlet velocity
is 8 m/s: (a′′) flow time 1200 s, (b′′) flow time 3600 s, (c′′) flow time 7800 s.

Figure 9. Temperature of PCM when no porous material is added, and the air inlet velocity is
4 m/s: (a′) flow time 1200 s, (b′) flow time 3600 s, (c′) flow time 7800 s; when the air inlet velocity is
8 m/s: (a′′) flow time 1200 s, (b′′) flow time 3600 s, (c′′) flow time 7800 s.

The solidification process and the temperature drop of the AlSi12 alloy take place
both axially and radially. The increase in air inlet velocity accelerates the solidification
and temperature drop of the aluminum–silicon alloy, without changing the trend of the
liquid-phase fraction and temperature change.

3.1.2. Effect of Air Inlet Velocity on the Solidification Speed of PCM

The liquid-phase fraction of an AlSi12 alloy at different air inlet velocities is shown in
Figure 10a. At an air inlet velocity of 2 m/s, the AlSi12 alloy starts to solidify at 1220 s and
solidifies completely at 26,120 s. When the air inlet velocity is 4 m/s, the solidification of the
AlSi12 alloy takes place in the time period from 810 s to 15,930 s. When the air inlet velocity
is 6 m/s, this time period is from 570 s to 11,650 s. When the air inlet velocity is 8 m/s,
this time period is from 460 s to 9690 s. When the air inlet velocity is increased, the AlSi12
alloy solidification time decreases significantly. When the air inlet velocity is increased
from 2 m/s to 4 m/s, the solidification time is reduced by 39.3%. A 26.7% reduction
in solidification time is observed when the air inlet velocity is increased from 4 m/s to
6 m/s, and a 16.7% reduction in solidification time is observed when the air inlet velocity is
increased from 6 m/s to 8 m/s. When the air inlet speed is increased from 4 m/s to 8 m/s,
the time required for the solidification process is reduced by 39.0%.
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Figure 10. (a) Liquid fraction of PCM without added porous material in HTF tubes. (b) Temperature
of PCM without added porous material in HTF tubes.

3.1.3. Average Temperature of PCM

The temperature change of the PCM when no porous material is added to the HTF
tube is shown in Figure 10b. The temperature trend of the PCM is consistent as the air
inlet velocity changes. The temperature of the PCM starts to drop rapidly at the beginning,
before the AlSi12 alloy starts to solidify, when the liquid-phase fraction of the AlSi12 alloy
is 1. When the liquid-phase fraction of the AlSi12 alloy changes and it starts to solidify,
the temperature change of the AlSi12 alloy slows down. At the end of the solidification
process, the temperature of the AlSi12 alloy falls faster again. When the air inlet velocity
changes, the solidification process of the AlSi12 alloy remains in the similar temperature
range. However, when the air inlet velocity increases, the duration of the solidification
temperature band of the AlSi12 alloy decreases. This proves that the temperature of the
AlSi12 alloy coincides with the liquid-phase fraction of the AlSi12 alloy. As the air inlet
velocity increases, the solidification process time decreases and the temperature of the
AlSi12 alloy decreases at a faster rate.

3.1.4. Air Outlet Temperature and Heat Discharge Power

The air outlet temperature in the pure air tube at different air inlet velocities is shown
in Figure 11a. The air out temperature is highest at an air inlet velocity of 2 m/s. At an air
inlet velocity of 8 m/s, the air outlet temperature is the lowest. As the air inlet velocity
increases, the air outlet temperature decreases. The heat discharge power of the LHS in a
pure air tube at different air inlet velocities is shown in Figure 11b. The discharge power
of the LHS is lowest when the air inlet velocity is 2 m/s and highest when the air inlet
velocity is 8 m/s. The discharge power of the LHS is highest when the air inlet velocity is
8 m/s. An increase in air inlet velocity leads to a decrease in air outlet temperature. Since
the air inlet temperature is constant, an increase in the air inlet velocity also leads to an
increase in the mass flow rate of the air. For the changes in the discharge power of the LHS
in this paper, the increase in mass flow rate is the dominant factor.
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Figure 11. (a) Air outlet temperature in HTF tubes without added porous material. (b) Discharge
power in HTF tubes without added porous material.

3.2. Analysis of the Addition of Nickel Foam to HTF Tubes
3.2.1. Analysis of the Liquid-Phase Fraction and Temperature Distribution of PCM

When nickel foam is added to the HTF tube, a solid–liquid boundary appears in the
solidification process due to the rapid solidification of the AlSi12 alloy and the insufficient
thermal conductivity of the AlSi12 alloy. When nickel foam is added to the HTF tube, the
liquid-phase fraction of AlSi12 alloy at an air inlet velocity of 4 m/s is shown in Figure 12.
At a flow time of 100 s, the top part of the AlSi12 alloy near the HTF tube is completely
solidified, while the rest of the AlSi12 alloy is still solid. At a flow time of 300 s, the fully
solidified part of the top AlSi12 alloy solidifies continuously, while the bottom AlSi12 alloy
remains almost unchanged. At a flow time of 800 s, the topAlSi12 alloy is almost completely
solidified, while the bottom AlSi12 alloy is only solid–liquid mixed in the part near the HTF
tube. At a flow time of 1250 s, the portion of the AlSi12 alloy that is completely solidified
in the longitudinal direction increases, while the portion of the AlSi12 alloy at the bottom
near the HTF tube is completely solidified and the portion away from the HTF tube is
still in a solid–liquid mixture. When the HTF tube is not filled with porous material, the
liquid-phase fraction changes relatively slowly. It was not until the flow time was 1900 s
that a significant change in the liquid-phase fraction occurs. When nickel foam is added to
the HTF tube and the flow time is 1900 s, the AlSi12 alloy has completely solidified. When
the HTF tube is filled with nickel foam, the solidification process takes place mainly in the
axial direction. After the top AlSi12 alloy has solidified completely, the bottom AlSi12 alloy
is then completely solidified. The addition of nickel foam to the HTF tube accelerates the
solidification process of the AlSi12 alloy and changes the trend of the liquid-phase fraction.

The temperature of the AlSi12 alloy at an air inlet velocity of 4 m/s when the HTF
tube is filled with nickel foam is shown in Figure 13. When the flow time is 100 s, almost
no temperature difference between aluminum and silicon alloys. Only the temperature
of the AlSi12 alloy near the air inlet is lower. At a flow time of 300 s, The temperature of
the top AlSi12 alloy near the HTF tube drops significantly, while the temperature of the
bottom AlSi12 alloy remains the same. As the flow time increases, the temperature of the
AlSi12 alloy decreases along the axial direction. When nickel foam is not added to the HTF
tube, the temperature of the AlSi12 alloy decreased in the axial and radial directions. The
addition of nickel foam to the HTF tube causes the temperature of the AlSi12 alloy to drop
rapidly, causes the temperature difference of the AlSi12 alloy to increase, and changes the
trend of temperature drop so that the temperature drop is mainly along the axial direction.
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Figure 12. Liquid phase fraction of PCM when nickel foam is added and the air inlet velocity is
4 m/s: (a′) flow time 100 s, (b′) flow time 300 s, (c′) flow time 800 s, (d′) flow time 1250 s, (e′) flow
time 1750 s, (f′) flow time 1900 s. Liquid-phase fraction of PCM when no porous material is added
and the air inlet velocity is 4 m/s: (a′′) flow time 100 s, (b′′) flow time 300 s, (c′′) flow time 800 s,
(d′′) flow time 1250 s, (e′′) flow time 1750 s, (f′′) flow time 1900 s.

Figure 13. Temperature of PCM when nickel foam is added and the air inlet velocity is 4 m/s:
(a′) flow time 100 s, (b′) flow time 300 s, (c′) flow time 800 s, (d′) flow time 1250 s, (e′) flow time
1750 s. Temperature of PCM when no porous material is added and the air inlet velocity is 4 m/s:
(a′′) flow time 1200 s, (b′′) flow time 3600 s, (c′′) flow time 7800 s, (d′′) flow time 12,000 s, (e′′) flow
time 15,000 s.

The addition of nickel foam reduces the solidification time of the AlSi12 alloy, acceler-
ates the temperature drop of the AlSi12 alloy, and causes an increase in the temperature
difference of the AlSi12 alloy. When nickel foam is added to the HTF tube, the tendency of
the solidification of the AlSi12 alloy and the temperature drop are changed. Changes in the
liquid-phase fraction and temperature occur along the axial direction.

3.2.2. Liquid Fraction of PCM

The LHS heat transfer efficiency is greatly increased when the nickel foam is added to
the HTF tube; the solidification process time of the AlSi12 alloy is reduced. The liquid-phase
fraction at different air inlet velocities when porous nickel foam is added to the HTF tube is
shown in Figure 14a. At an air inlet velocity of 2 m/s, the solidification process takes 3220 s
when the porous nickel foam is added to the HTF tube. At an air inlet velocity of 4 m/s,
the solidification process lasts 1890 s. At an air inlet velocity of 6 m/s, it takes 1430 s. At an
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air inlet velocity of 8 m/s, the solidification time is 1210 s. When nickel foam was added to
the air tube, the solidification time of the AlSi12 alloy was reduced by 41.3% when the air
inlet velocity was increased from 2 m/s to 4 m/s and by 24.3% when the air inlet velocity
was increased from 4 m/s to 6 m/s. The solidification time of the AlSi12 alloy is reduced
by 24.3% when the air inlet velocity is increased from 4 m/s to 6 m/s. When the air inlet
speed was increased from 6 m/s to 8 m/s, the solidification time of the AlSi12 alloy was
reduced by 15.38%. The addition of nickel foam reduces the solidification time of PCM
by 87% compared to a pure air tube at an air inlet velocity of 2 m/s. At air inlet velocities
of 4 m/s, 6 m/s, and 8 m/s, the addition of nickel foam reduced the solidification time of
PCM by 87.5%, 87.1%, and 86.9%, respectively.

3.2.3. Average Temperature of PCM

The temperature change of the AlSi12 alloy when nickel foam is added to the HTF
tube is shown in Figure 14b. The graph shows that the temperature trend of the AlSi12 alloy
is very different when the porous material nickel foam is added to the HTF tube than when
the porous material is not added to the HTF tube. When porous material is added to the air
tube, the temperature of the AlSi12 alloy does not have a distinct phase-change temperature
range. The above phenomenon is caused by the fast solidification rate of AlSi12 alloys and
the short solidification process time.

3.3. Air Outlet Temperature and Discharge Power

When nickel metal foam is added to the HTF tube, the air outlet temperature is shown
in Figure 14c. The outlet temperature of the air is highest at an air inlet velocity of 2 m/s
and lowest at an air inlet velocity of 8 m/s. This is consistent with the air outlet temperature
in a pure air tube. The air passing through the HTF tube with nickel foam has a higher exit
temperature compared to the pure air tube.

The heat discharge power of the LHS when nickel metal foam is added to the HTF
tube is shown in Figure 14d. The air outlet temperature is lowest and the LHS discharge
power is highest at an air inlet velocity of 8 m/s before a flow time of 1500 s. The mass flow
rate of the air is the dominant factor in power. As the flow time increases, the effect of air
exit temperature on power increases. The addition of porous material enhances the heat
transfer effect of the LHS and increases the discharge power of the LHS compared to a pure
air tube without the addition of porous material.
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Figure 14. (a) Liquid fraction of PCM when nickel metal foam is added to the HTF tube. (b) Tempera-
ture of PCM when nickel metal foam is added to the HTF tube. (c) Air outlet temperature in HTF
tubes when nickel metal foam is added to the HTF tube. (d) Discharge power in HTF tubes when
nickel metal foam is added to the HTF tube.

In Figure 14d, the overlapping of curves at certain points can be explained as follows.
Initially, the phase-change material (PCM) is at the same temperature across all cases. As
the wind speed increases, the heat transfer coefficient also increases, resulting in higher
heat output power. However, the total heat storage capacity of the PCM remains constant.
Consequently, as the heat release power increases, the temperature of the PCM decreases
rapidly, as illustrated in Figure 14b . This leads to lower temperatures in cases with higher
heat release power at the same moment. The heat release power is determined using
Equation (37):

Q = hHTF · A · (TPCM − TAir) (37)

where hHTF represents the convective heat transfer coefficient between the PCM and
the surrounding air. Although hHTF is larger for cases with higher wind speeds, the
temperature difference (TPCM − TAir) decreases due to the declining PCM temperature. As
a result, in the later stage of the heat release process, cases with higher wind speeds exhibit
a slower decrease in exothermic power, which explains the observed overlap of the curves.
A similar situation can also explain the following Figure 15.

3.4. Comparison of Added Nickel Foam, Copper Foam, and Silicon Carbide Foam

Three porous materials, copper foam, nickel foam, and silicon carbide foam, have
been added to the HTF. As shown in Figure 15a,b, the solidification time of the PCM has
also been significantly reduced. The discharge power and air outlet temperature of the
LHS have been significantly increased by the addition of porous materials in Figure 15c,d.
The performance of the three porous materials in terms of heat transfer enhancement is
similar and the physical properties of the porous material have little influence on the heat
transfer enhancement.
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Figure 15. (a) Liquid phase fraction of AlSi12 alloy at air inlet velocity of 4 m/s when HTF tubes are
added with porous materials: copper foam, nickel foam, silicon carbide foam. (b) Temperature of
PCM at air inlet velocity of 4 m/s when HTF tubes are added with porous materials: copper foam,
nickel foam, silicon carbide foam. (c) Air outlet temperature of AlSi12 alloy at air inlet velocity of
4 m/s when HTF tubes are added with porous materials: copper foam, nickel foam, silicon carbide
foam. (d) Discharge power of AlSi12 alloy at air inlet velocity of 4 m/s when HTF tubes are added
with porous materials: copper foam, nickel foam, silicon carbide foam.

4. Conclusions

A model of a high-temperature latent heat storage device using an AlSi12 alloy is
developed to study the solidification state, solidification time, and air outlet temperature of
PCM during solidification. This study included:

• Validation of the flow model and LTNE model to ensure simulation accuracy.
• Investigation of the effects of air inlet velocity and the addition of porous materials on

an LHS device.
• Increasing the air inlet velocity, which accelerates the solidification and temperature

drop of the AlSi12 alloy.
• Solidification of PCM occurring in axial and radial directions without porous material

in HTF tube.
• Increasing the air inlet velocity, which was shown to not change direction of solidifica-

tion and temperature drop.
• Increasing the air inlet velocity, which was shown to lead to decreased air outlet

temperature and increased heat discharge power.
• Addition of porous material, which accelerates the solidification process and tempera-

ture drop of PCM, reducing the solidification time by more than 85%.
• Increasing outlet temperature of air and heat discharge power of LHS with the addition

of porous material.
• Addition of porous material, which increases the temperature difference of PCM.
• Addition of porous material, causing solidification and temperature drop of PCM to

occur in the axial direction.
• Copper foam, nickel foam, and silicon carbide foam were shown to have similar

effects on the LHS device, while minimal variation was shown in PCM temperature,
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solidification time, air exit temperature, and discharge power between different porous
materials in the HTF tube.

• The segmented calculation approach was shown to reduce the computing time.

In the realm of energy conservation and emissions reduction, thermal storage stands
as a crucial energy storage technology, offering cost advantages and significant research
potential. This paper focuses on enhancing the heat transfer efficiency of thermal energy
storage (TES) systems utilizing AlSi12 alloy as the phase-change material. The approach
involves incorporating porous materials on the heat transfer fluid (HTF) side during the
solidification process, and numerical simulations are employed to investigate its impact.
The study specifically examines the effects of adding porous dielectric materials and
increasing air velocity on the thermal performance of high-temperature phase-change
energy storage systems. Key parameters analyzed include discharge temperature, discharge
power, and discharge time. Interestingly, the introduction of different porous materials
(such as copper foam, nickel foam, and silicon carbide foam) into the HTF tube has minimal
influence on the temperature of the phase-change material, solidification time, air outlet
temperature, and heat discharge power of the latent heat storage (LHS) system. These
findings carry significant implications for the design of high-temperature phase-change
energy storage devices. By understanding the limited impact of different porous materials
on crucial performance factors, researchers and engineers can optimize the design process.
Moreover, the study provides valuable guidance and direction for future developments
in this field, opening avenues for further advancements in the design and optimization
of thermal energy storage systems. Such improvements hold the potential to enhance
the efficiency and effectiveness of energy storage, contributing to the overall goals of
sustainable energy utilization and environmental preservation.

Author Contributions: Software, G.Q.; Resources, P.Z., Y.L. (Yang Li) and Y.L. (Yongliang Li);
Writing—original draft, C.; Writing—review & editing, G.Q. All authors have read and agreed
to the published version of the manuscript.

Funding: This studywas funded by the research and development project of State Grid Corporation
of China under the grant number: 5419-202158300A-0-0-00, project: Research on metallic composite
phase-change material and heat storage module design.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:
CFD computational fluid dynamics
CSP concentrating solar power
HTF heat transfer fluid
LHS constant current constant voltage
LNTE local non-thermal equilibrium
LTE local thermal equilibrium
mPCM metallic phase-change material
PCM phase-change material
SIMPLE semi-implicit method for pressure linked equations
SHS sensible heat storage
TES thermal energy storage
THS thermochemical heat storage
The following symbols are used in this manuscript:
Symbol Meaning Unit
A heat transfer area m2

AS additional term in momentum equation -
asf interfacial area density m−1

Bi Biot number -
C mushy zone constant -
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CE drag coefficient m−1

cs specific heat capacity of porous materials J·kg−1·K−1

cp,HTF specific heat capacity of HTF J·kg−1·K−1

cp,PCM specific heat capacity of PCM J·kg−1·K−1

cpl the average specific heat of the liquid phase J·kg−1·K−1

cps the average specific heat of the solid phase J·kg−1·K−1

Da Darcy number -
dp pore diameter m
d diameter of air tube m
f melt fraction -
g gravitational acceleration m·s−2

H enthalpy of PCM J/kg
h specific sensible heat of the PCM J·kg−1

hHTF convective heat transfer coefficient of HTF W·m−2·K−1

href reference enthalpy J·kg−1

hsf fluid-to-solid heat transfer coefficient W·m−2·K−1

K permeability m2

Kch heat transfer coefficient between cold and heat objects W·m−2·K−1

L latent heat of the PCM J·kg−1

L1 length of the air tube in LHS m
L2 length of the LHS tube m
l air tube length m
m the mass of PCM kg
Nu Nusselt number -
PHTF pressure of HTF Pa
Pe Peclet number -
PPCM pressure of PCM Pa
Pr Prandtl Number -
Qs heat capacity of the LHS J
R radius of the LHS tube m
Red Reynolds number -
r radius of the air tube in LHS m
Ssf, Su source term -
THTF temperature of HTF K
Tliquidus liquid-phase temperature of PCM K
Tin fluid inlet temperature K
TPCM temperature of PCM K
Tsolidus solid phase temperature of PCM K
Ts temperature of porous materials K
Tw temperature of wall K
t f the final temperature K
ti the initial temperature K
tm the melting temperature K
uHTF velocity of HTF m·s−1

uPCM velocity of PCM m·s−1

VHTF velocity vector of HTF m·s−1

VPCM velocity vector of PCM m·s−1

β liquid fraction of PCM -
ε porosity -
ζ small constant in additional term of momentum equation -
ρHTF density of HTF kg·m−3

ρPCM density of PCM kg·m−3

µHTF dynamic viscosity of HTF kg·m−1·s−1

µPCM dynamic viscosity of PCM kg·m−1·s−1

λHTF thermal conductivity of HTF W·m−1·K−1

λPCM thermal conductivity of PCM W·m−1·K−1

λfe effective thermal conductivity of fluid W·m−1·K−1
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λse effective thermal conductivity of solid W·m−1·K−1

Φ heat transfer rate W
∆H change in latent heat during the phase change of the PCM J·kg−1

∆t temperature difference K
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