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A B S T R A C T

Enhancing heat transfer in latent heat thermal energy storage systems is of utmost importance to facilitate the 
efficient absorption and release of thermal energy. The primary objective of the current study is to investigate the 
influence of a metal foam layer on heat transfer enhancement in both the heat transfer fluid side and the shell 
side. The research explores the incorporation of a fixed 30 % foam layer, which can either extend along the tube 
wall or penetrate deeper into the shell, moving away from the heat transfer fluid tube. A local thermal non- 
equilibrium two-temperature heat equation model is utilized to mathematically model the interactions within 
the metal foam embedded in the heat transfer fluid tube and the phase change material domain. The governing 
equations are solved using the finite element method. The results indicate that adjustments to the inlet pressure 
and the metal foam shape parameter (FL) can significantly reduce the melting time, with a variation of 
approximately 40 %. Specifically, at a constant inlet pressure of 750 Pa, the energy storage power at a 90 % 
charging increases from 32.2 W (FL = 0.75) to 48.7 W (FL = 1.37). A modification of FL shape parameter 
increased the power output by 34 %.

1. Introduction

Despite the considerable advantages of solar energy - its inexhaust
ibility, widespread distribution, and environmental cleanliness - it also 
presents inherent challenges. A significant issue is its unpredictability, 
as illumination intensity varies over time [1]. The duration of effective 
sunlight is confined to just a few hours each day, and its availability is 
intermittent, displaying inconsistency in both time and space [2]. 
Consequently, the nature of solar energy prohibits it from providing a 
constant and unyielding heat source. This underlines the crucial need for 
incorporating a reliable and high-performing thermal energy storage 
system to harness this abundant yet capricious resource effectively 
[3,4].

As of today, there are several key varieties of thermal energy storage, 

such as thermochemical thermal energy storage [5], latent heat thermal 
energy storage (LHTES) [6], and sensible heat thermal energy storage 
[7]. Notably, the energy density of LHTES outperforms the sensible ones 
by a factor of 5 to 10 [3,8], and it also trumps thermochemical thermal 
energy storage in safety and reliability. The unique attribute of LHTES is 
that it maintains a nearly consistent temperature during phase transi
tions, enabling stable energy charge and discharge. Thus, LHTES finds 
extensive applications in harnessing solar energy at moderate and low 
temperatures. For instance, researchers in [9] enhanced the function
ality of a solar water heater by incorporating three types of benzene 
formic acids and erythritol into the vacuum tube collector, achieving a 
thermal efficiency boost of 26 % and 66 % in normal and charging op
erations, respectively. The thermal management strategies are a critical 
aspect of optimizing LHTES performance. Effective thermal manage
ment is essential to ensure uniform temperature distribution and prevent 
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hotspots, which can significantly affect the system’s efficiency and 
longevity. For instance, research on large-scale high-capacity lithium- 
ion energy storage systems has demonstrated the effectiveness of 
forced cooling techniques in controlling temperature variations. A study 
by Ye and Arıcı [10] revealed that by optimizing airflow channel widths 
and air gaps between battery modules in a seven-level module config
uration, the maximum temperature rise could be limited to 4.63 K, with 
a temperature uniformity of 2.82 K, thereby maintaining the system 
within the ideal operating temperature range of less than 313.15 K. Such 
advancements in thermal management are crucial for enhancing the 
performance of LHTES systems, as they help to manage the heat 
generated during phase transitions more effectively, ensuring reliable 
and efficient energy storage.

A typical LHTES system comprises three main components. The first 
one is a phase change material (PCM) chosen for its suitable phase 
transition temperature. The second component is a heat transfer fluid 
(HTF) with good thermal conductivity. The final element is a container 
or chamber that houses both the PCM and the HTF.

The shell-and-tube structure for thermal energy storage holds sub
stantial promise for improving efficiency in the field of LHTES systems. 
However, these systems encounter challenges tied to outlet threshold 
temperatures, reducing the effective usage of PCM. Thus, a major 
research goal is to enhance shell-and-tube LHTES performance within 
these constraints during the charging and discharging phases [11]. Ac
curate modeling of the phase change process is critical to achieving 
these enhancements. Recent studies, such as the work by Ye and Arıcı 

[12], have addressed the need for refined interface error definitions and 
robust validation methods in phase change modeling, particularly for 
materials like pure gallium, which shares similar phase transition 
challenges with common PCMs. Ye and Arıcı [13], have emphasized the 
importance of 3D validation and the feasibility of 2D modeling in phase 
change simulations, particularly for materials like pure gallium. They 
also corrected and developed new correlations for calculating the mean 
liquid layer thickness and the Nusselt number, which are vital for pre
dicting heat transfer performance in phase change processes. These 
advancements in numerical techniques ensure that structural modifi
cations, like undulated PCM container shapes and optimized tube ar
rangements, can be effectively translated into improved performance 
metrics. Research efforts in [14] reveal that undulated PCM container 
shapes such as zigzag or arc structures significantly improve the solid
ification process, thus optimizing the thermal energy discharge perfor
mance. Similarly, innovations in tube arrangements and spacing have 
decreased PCM melting time and increased heat storage efficiency, as 
detailed in [15]. These studies suggest that structural modifications in 
shell-and-tube systems could enhance performance metrics across both 
charging and discharging phases, thereby addressing some of the core 
challenges of thermal energy management in LHTES systems. Li et al. 
[11] developed an axisymmetric two-dimensional and transient model 
of a shell-and-tube LHTES. The analysis revealed that increasing the 
specific surface area and porosity led to a steady increase in the PCM’s 
effective usage. However, the investment cost for unit heat storage 
reached a minimum value. In an exciting development, the study 

Nomenclature

Latin
Amush mushy constant value, 1010 kg/(m3s)
Asf interface surface between MF pore and HTF 1/m
CF Frochheimer coefficient m
Cp heat capacity per unit of mass J/(kg.K)
dfp pore diameter m
dfs pore characteristics m
dV volume element m
e porous structure constant, 0.339
ES stored energy J
Es mushy source term constant value, 0.001
ESlatent stored energy in the latent form J
ESsensible stored energy in sensible form J
FL MFL shape parameter
g gravity acceleration m/s2

H height m
hsf interface heat transfer W/(m.K)
hv volumetric interface heat transfer W/(m3.K)
k thermal conductivity W/(m.K)
L enclosure width m
Lf latent heat of fusion J/kg
m mesh control parameter
MA, MB, MC, MD dummy parameters (m.K)/W
MVF melt fraction
Nuv Nusselt number
P0 outlet pressure Pa
Pi inlet pressure Pa
Pr Prandtl number
q heat rate
r, z coordinate system m
Re Reynolds number
RRVMF HTF metal foam fill ratio
SMF distance between MF inserts in HTF m
SP energy storage power W

t time s
T temperature field K
T0 reference temperature K
Tc cold temperature K
Tf fusion temperature K
Th hot temperature K
Tin inlet temperature K
tMF MFL thickness m
u r-velocity component m/s
V volume m3

VFL fill ratio parameter
w z- velocity component m/s

Greek
α thermal diffusivity m2/s
β volume expansion 1/K
ε porosity
κ porous permeability m2

κtor pore flow tortuosity
μ dynamic viscosity Pa.s
μ∞ artificial dynamic viscosity, 105 Pa.s
ρ density kg/m3

σ dummy parameter
φ liquid amount
ω pore per inch (PPI)

Abbreviations
eff effective property
FL height ratio parameter
HTF heat transfer fluid
LHTES latent heat thermal energy storage
LTNE local thermal non-equilibrium
MF metal foam
MFL metal foam layer in the PCM domain
PCM phase change material
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proposed a criterion for distributing cascaded PCMs in the system and 
confirmed its effectiveness. The optimized model with five cascaded 
PCMs demonstrated an effective PCM utilization rate of 77.6 %, tripling 
the performance of a system without cascaded PCMs and reducing costs 
to approximately 40 % of a non-cascaded system.

Another study shed light on the effect of fin parameters on the energy 
efficiency of shell-and-tube LHTES systems [16]. Authors found that 
optimizing fin geometrical parameters and the distribution of cascaded 
PCMs significantly improved both the melting and solidification times, 
as well as the overall energy efficiency of the system [16]. Innovative 
techniques are also being explored to enhance solidification perfor
mance. One such approach involved a triplex-tube heat exchanger filled 
with composite PCM, which led to a notable enhancement in the overall 
system performance [17]. Furthermore, a study on the melting charac
teristics of various inner tube designs in double tube latent heat energy 
storage units revealed a significant improvement in the melting rate 
with a new elliptical design [18].

Enhancing thermal properties in LHTES systems is vitally important 
for advancing the field of energy science and engineering [19–22]. A 
variety of techniques have been identified to achieve this, including the 
application of extended surfaces [19], porous materials, cascaded or 
encapsulated PCMs [20,21], nanomaterial additives [20], and innova
tive geometrical configurations [20]. Particularly, the integration of fins 
and high-conductivity porous materials such as metal foams is of sub
stantial interest, as they can compensate for the storage material’s low 
thermal conductivity, improving the charging and discharging effi
ciency of LHTES systems [19]. In addition, nanomaterial additives have 
been found effective in boosting heat transfer in LHTES systems, 
consequently improving their storage capabilities [20,23]. Research on 
nano-enhanced PCMs indicates that certain nanoparticles, like Al2O3, 
copper, and carbon, can greatly boost PCM performance [23]. Encap
sulating PCMs has also shown potential for improving thermal con
ductivity [21]. The composite metal foams are one of the promising 
approaches for improving heat transfer in LHTES systems. Using a PCM/ 
metal foam composite in a triplex tube heat exchanger can reduce 
melting times compared to pure PCM. Incorporating varying porosity 
metal foams and nanoparticles could decrease melting time by up to 
83.48 % [24].

Besides, innovations in shell designs and fin configurations have 
significantly enhanced the performance of Latent Heat Thermal Energy 
Storage systems, particularly by improving heat transfer rates and 
reducing the response times of PCMs. Notably, horizontal obround shells 
have cut PCM melting times by 32 % compared to traditional circular 
shells, thanks to better heat dynamics enabled by the design [25]. 
Additionally, the use of sinusoidal wavy fins in multi-tube systems has 
reduced melting times by up to 38.3 % as more heat transfer fluid tubes 
are added, highlighting the impact of fin design [26]. Further, adjusting 
the eccentricity of tubes within these shells has proven crucial, 
enhancing heat transfer rates significantly and reducing PCM melting 
times by as much as 76 % [27]. This shows the potential of fine-tuning 
tube placement and shell design to optimize thermal performance. 
Moreover, combining expanded graphite and circular fins in these sys
tems not only increases energy storage by 109 % compared to basic PCM 
setups but also accelerates the discharging process, which is crucial for 
quick-response applications [28].

LHTES systems have shown promise in large-scale applications and 
commercialization, but their lower thermal response rate has been a 
significant challenge. Integrating metal foam (MF) in LHTES systems 
enhances thermal conductivity, which boosts energy storage and 
retrieval processes [29,30]. The poor thermal conductivity of PCMs, a 
limitation of their application in energy storage, can be addressed using 
high-porosity MFs, leading to more efficient phase change [31]. 
Research on a PCM-MF composite in an LHTES system using staggered 
bundled tubes showed this configuration to be highly efficient, offering 
improved charging/discharging rates [31]. A review highlighted the 
potential of PCMs and MF in overcoming energy demand-supply 

mismatch, improving LHTES efficiency [29]. Despite certain inhibitory 
effects, adding MF can significantly improve phase change heat transfer 
performance [30].

Most of the literature studies investigated the impact of uniform MFs 
on the heat transfer enhancement of LHTES systems. However, some 
recent studies employed non-uniform MFs with porosity gradients or 
used layers of MFs with different porosities to further enhance the en
ergy storage performance of LHTES systems. The integration of MFs, 
specifically copper foams, with varying porosity into LHTES systems 
demonstrates significant potential for thermal performance enhance
ment [32–35]. Such modification addresses the inherent limitation of 
PCMs such as paraffin, namely low thermal conductivity, thus expand
ing their applications [32].

Utilizing copper foams in LHTES revealed a significant improvement 
in heat transfer performance, reducing full melting time by up to 73.7 % 
and raising the mean heat rate from 96.38 W to 330.16 W. A particularly 
effective approach was the division of copper foam into two sections, 
where porosity increased distinctly along the positive-x and -y directions 
[32]. Moreover, the combination of MFs with varying porosity and 
nanoparticles significantly enhances the solidification process in LHTES. 
Numerical investigations showcased reduced solidification time by 
30.15 % as the nanoparticle volume fraction increased from 0 to 0.1. 
Implementing MFs with uniform porosity led to an 81.2 % reduction in 
solidification time compared to pure PCM [33]. This model considered 
differences in thermal conductivity between the PCM and copper foam. 
Recent research has shown that embedding PCM in heterogeneous metal 
foams can greatly optimize these systems. By adjusting specific param
eters and angles of the foam’s heterogeneity, significant heat transfer 
rate enhancements and melting point reductions are achieved [36]. The 
study revealed that modifying the heterogeneity parameter and angle 
can adjust the thermal charging time, with changes of up to 24 % 
observed when the parameter is adjusted to 0.2, highlighting the capa
bility to customize these elements to boost system performance further 
[36]. Neural networks were harnessed to optimize the storage unit 
design, revealing that an anisotropic angle below 45◦ significantly 
decreased melting time without compromising thermal energy storage 
capacity [37]. These findings underscore the significance of tailoring MF 
configurations, concentration, anisotropic angles, and controlling inlet 
pressure to enhance the efficiency of LHTES systems.

Investigations on shell-and-tube thermal energy storage units also 
revealed significant improvements using multiple PCMs and gradient 
copper foam. While radial multiple PCMs didn’t show thermal storage 
advantages over single PCMs, gradient copper foam configurations 
demonstrated marked enhancements, with negative gradient configu
rations showing superior heat transfer effectiveness. A specific negative 
gradient configuration could result in a 23.7 % decrease in the full 
melting time [34]. In another study, a porosity gradient increase along 
the positive y-direction elevated the mean heat transfer rate by 21.6 % in 
a shell-tube design [35].

While using MFs enhances the thermal response of LHTES systems 
due to their notable thermal conductivity and high surface-area-to- 
volume ratio, this incorporation has trade-offs. MFs reduce the ther
mal capacity and natural convection of LHTES systems. Recently, a shift 
towards using partial layers of metal foams to fill LHTES systems has 
been observed in scientific studies, producing noteworthy results. 
Research presented in [38] utilized a hybrid heat transfer enhancement 
strategy, combining partial metal foam and nano-additives in an LHTES. 
The study showed that this combination was more effective than using 
either enhancement technique separately. In terms of numerical data, 
the charging power of the LHTES could be improved up to four times 
compared to the case of pure PCM, with only a minor 3 % reduction in 
the thermal storage capacity. Ying et al. [39] examined the thermal 
behavior of LHTES units partially filled with metal foam. They found 
that the flow rate of liquid paraffin in a bottom-filling configuration was 
much higher than in a top-filling configuration, facilitating heat transfer 
enhancement.
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In a different perspective, Yang et al. [40] introduced a strategy of 
partially filling porous foam in a shell-and-tube unit, which resulted in a 
10.5 % energy storage efficiency compared to the same case but fully 
filled. The authors found an optimal filling ratio of 0.89 for this 
enhancement. Moreover, Zuo [41] explored various filling angles and 
thicknesses for sectorial metal foam in a horizontal shell-and-tube 
LHTES unit. Notably, an increase in the filling angle enhanced the 
melting rate, but the enhancement rate decreased significantly beyond 
150◦. Moreover, they designed an optimal case with a ladder shape, 
which reduced the total melting time by 45.9 % and decreased the 
amount of metal foam used by 16.8 % compared to the benchmark 
design. Besides, diverse scenarios featuring varying MF coverage per
centages and layer dimensions were explored. Notably, cases exhibiting 
higher MF concentrations, such as Cases A-C with 50 % MF layers, 
demonstrated shorter melting times owing to heightened thermal con
ductivity and reduced thermal resistance on the side of the HTF [42].

As evidenced in several studies [38–45], the use of partial layers of 
metal foams within LHTES systems significantly enhances heat transfer 

rates and accelerates thermal response times while preserving the 
thermal storage capacity. This research develops a mathematical model 
to analyze the flow and heat transfer dynamics involving working fluid 
in the insert layers of metal foam, as well as the interaction between the 
metal foam and phase change material on the shell side of the storage 
unit. The investigation introduces partial layers of metal foams on both 
the heat transfer fluid and phase change material sides, aiming to assess 
the impact of metal foam’s geometrical configuration between these two 
areas on the overall thermal efficiency of the LHTES unit.

2. Physical model

The depiction of a concentrated solar heating system for the purpose 
of building heating underscores the significance of LHTES in the pro
gression of solar energy technologies. This is essential due to the inter
mittent nature of solar energy, which depends on weather conditions 
and time. LHTES provides the capability to store substantial amounts of 
energy at fusion temperatures in a limited area, thus alleviating the 
fluctuations in energy encountered in transitional solar energy systems. 
The system’s composition includes a solar collector, a storage tank, an 
LHTES unit, and circulation pumps. The collector warms up water, 
which is then stored as sensible heat in the hot water tank to supply the 
building with hot water as necessary. Furthermore, an auxiliary cycle 
links the hot water storage tank with the LHTES unit. During periods of 
low energy demand or high energy production, the pump within the 
auxiliary energy storage loop activates, channeling surplus heat to the 
LHTES unit. On the other hand, when solar energy generation is inad
equate, the tank draws energy from the LHTES unit. Fig. 1 presents a 
diagram of this system.

Fig. 2 presents the design of a LHTES device in a shell-tube shape. 
The device is made of the shell and HTF tube, which are axis-symmetric; 
thus, Fig. 2 shows a symmetric plan of the system. Water, serving as the 
heat transfer fluid, enters the tubing with an initial pressure of Pi and 
departs from the upper outlet at atmospheric pressure. The tube itself 
possesses a wall thickness ttube and an outer radius R, and is fabricated 
from copper. Within the tube, a segment of the shell passage is equipped 
with a layer of copper-infused metal foam. The space between the tube 
and shell is filled with paraffin wax PCM. Metal foam layers are attached 
to the tube and extend into the PCM region to enhance heat transfer 
further. The MF layers inserted in the PCM region are aligned with the 
MF inserts inside the tube, although their heights can differ. The number 
of MF layers in the PCM domain is determined by the fill ratio parameter 
VFL = VMF/VPCM, representing the volume of the MF layer compared to 
the total volume of the PCM region. For instance, VFL = 0.3 indicates 
that 30 % of the PCM enclosure is filled with MF. Thus, the geometry of 
the MF inserts shown in Fig. 2 can be controlled by adjusting the 
thickness and height of the MF. The MF height, HMF, is considered an 
independent parameter that will be investigated in the current research. 
To maintain a constant VFL parameter, the thickness of the MF layer is 
determined as a function of VFL, ensuring that the volume of PCM re
mains unchanged.

During its phase transition, the PCM stores or releases latent heat at a 
temperature Tf. Based on whether the system is in a charging or dis
charging phase, water conducts heat through the tube wall to the 
paraffin wax PCM region, altering its exit temperature either upward or 
downward. To accommodate the capacity and demand specifications of 
the cycle shown in Fig. 1, multiple LHTES units can be arranged in 
parallel, series, or a hybrid of both configurations. The primary aim is to 
examine the heat transfer design within the LHTES unit, which features 
a layer of heterogeneous foam.

The heat transfer dynamics within the unit are divided into two main 
areas: the PCM storage unit and the heat transfer fluid (HTF) side. To 
increase the rate of heat transfer and decrease the time required for 
storage, a layer of isotropic metal foam has been integrated into the HTF 
tube. The foam fills the RRMMF fraction of the tube and can be incor
porated in various configurations, as shown in Fig. 2. An RRMMF = 0.50 

Fig. 1. A representation of a hybrid heating electric solar system with a 
LHTES unit.

Fig. 2. Schematic view of LHTES unit and physical model. The heat transfer 
fluid (HTF), phase change material (PCM), metal foam layer (MFL) in the PCM 
domain, metal foam (MF) inserts in the HTF domain, and tube wall regions are 
indicated in the figure.
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was adopted in the present study. When the temperature of the LHTES 
unit is initially low (Tc < Th), the hot tank at a steady high temperature 
(Th) transfers surplus energy to the LHTES unit. Therefore, Th is 
considered as the intake temperature for the HTF during the charging 
process. The operation temperature and specifications are reported in 
Table 1, while the LHTES unit thermophysical properties are listed in 
Table 2.

The cycle diagram provides an overview of the application. The 
important design parameters are the pressure difference and the heat 
transfer rate (power) across the LHTES unit, which are addressed in the 
present study. The pressure difference dictates the required pumping 
power, while the energy storage power defines the amount of energy 
transferred to the HTF fluid flowing inside the LHTES.

In this research, the metal foam layer (MFL) volume was held con
stant (VMF) for each investigation, with the layer height serving as the 
adjustable parameter. The layer width depends on the initial MF volume 
and the chosen layer height. Therefore, the following relationship was 
employed to calculate the thickness of the MFL.

Since the volume of the shell is fixed, the control parameter for the 
amount of MFL volume is adopted as RRVMF=VMF/(Shell Volume). Thus, 
RRVMF can be varied in range 0–1. The height of the MFL was also scaled 
compared to the heights of the MF insert in the HTF domain as: FL =

HMF,PCM/HMF,HTF. The height ratio parameter (FL) can be changed in the 
range of 0.75 to 1.75, where for a height ratio below/higher than the 
unit, the height of MFL is shorter/taller than the height of the MF insert. 
Fig. 3 shows the impact of FL on the shape of MF in the PCM domain. 
Since the amount of MF in the PCM domain was considered fixed as VFL 
= 0.3, the variation of FL changes the thickness and height of the MF, as 
explained in Eq. (1).

2.1. Principal equations

This study encompasses various physical domains. Laminar flow and 
forced convection heat transfer occur within the HTF tube. This transi
tions to local thermal non-equilibrium (LTNE) forced convection heat 
transfer in the MF insert at the tube’s center. On the shell side, phase 
change free convection heat transfer occurs in both clear and MFL do
mains. The heat transfer in the MFL is governed by the LTNE model, 
which accounts for a temperature field within the pores filled with PCM 
and another for the solid MFL. There is also a conjugate conduction heat 
transfer in the tube wall. The governing equations for each domain are 

laid out in Table 3 [37,42], while Table 4 summarizes the associated 
closure models. The phase transition occurs within a narrow tempera
ture range to maintain continuity in the energy and hydrodynamic 
equations. This phase transition is incorporated into the analysis 

Table 1 
The operating conditions and geometrical details of the model.

Model parameter Default value

Geometrical specifications
Inner tube radius 0.527/2 in (6.7 mm)
Tube thickness 0.049 in (1.245 mm)
Tube nominal radius 1/4 in (6.35 mm)
L 6× Tube nominal radius (38.1 mm)
H 400 mm
Shell Volume 1.745 Liter
HMF,HTF H/6
HMF,PCM HLR×HMF,HTF

Volume of MF in Shell Shell Volume×RRVMF

tMF From Eq. (1)
SMF HMF,HTF/2

Model parameters
Amush 1010 Pa.s/m2

Es 0.001
ε 0.95
ω 40 PPI

Operating specifications
Gravity acceleration (g) 9.81 m/s2

Reference temperature Tf (K) -15
Initial temperature (Tc) Tf (K) -15
Inlet temperature (Tin) Tf (K) +15
Inlet pressure (Pi) Model variable (750 Pa)

Table 2 
Thermophysical properties of HTF tube, MF, and PCMs.

Materials k (W/m.K) ρ (kg/m3) Cp (J/kg.K) μ (kg/m.s) β (1/K) L (kJ/kg) Tf (K)

Paraffin (solid/liquid) [46–48] 0.21/0.12 916/790 2700/2900 0.0036 0.00091 176 322–327
Copper foam [49] 380 8900 386 – – – –
Water [50] 0.613 997.1 4179 0.000957 0.00021 – –

Fig. 3. Impact of FL on the geometrical variation of MF shapes for some 
selected values of FL.

tMF =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Volume of MF in Shell

3πHMF,PCM
+ (Inner tube radius + Tube thickness)2

√

−

(Inner tube radius + Tube thickness)

(1) 
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Table 3 
Model’s governing equations at each domain.

Domain Description Mathematical equation No.

HTF - Clear region Continuity
[

∂uz

∂z
+

1
r

∂(rur)

∂r

]

= 0
(2)

r-Momentum ρHTF

(
∂ur

∂t
+

[

uz
∂ur

∂z
+ ur

∂ur

∂r

])

= −
∂p
∂r
+

[
μHTF

r
∂
∂r

(

r
∂ur

∂r

)

+ μHTF
∂2ur

∂z2

]

−
μHTFur

r2

(3)

z-Momentum ρHTF

(
∂uz

∂t
+

[

uz
∂uz

∂z
+ ur

∂uz

∂r

])

= −
∂p
∂z
+

[
μHTF

r
∂
∂r

(

r
∂uz

∂r

)

+ μHTF
∂2uz

∂z2

]

(4)

Energy (
ρCp
)

HTF

(
∂T
∂t

+

[

uz
∂T
∂z

+ ur
∂T
∂r

])

=

kHTF

[
1
r

∂
∂r

(

r
∂T
∂r

)

+
∂2T
∂z2

]

(5)

HTF - MF region Continuity
[

∂uz

∂z
+

1
r

∂(rur)

∂r

]

= 0
(6)

r-Momentum ρHTF
ε

∂ur

∂t
+

ρHTF
ε2

[

uz
∂ur

∂z
+ ur

∂ur

∂r

]

= −
∂p
∂r
+

μHTF
ε

[
1
r

∂
∂r

(

r
∂ur

∂r

)

−
ur

r2 +
∂2ur

∂z2

]

− ρHTF

(
CF
̅̅̅
κ

√

)

|u|ur −
(μHTF

κ

)
ur

(7)

z-Momentum ρHTF
ε

∂uz

∂t
+

ρHTF
ε2

[

uz
∂uz

∂z
+ ur

∂uz

∂r

]

= −
∂p
∂z
+

μHTF
ε

[
∂2uz

∂z2 +
1
r

∂
∂r

(

r
∂uz

∂z

)]

− ρHTF

(
CF
̅̅̅
κ

√

)

|u|uz −
(μHTF

κ

)
uz

(8)

Fluid-Energy (
ρCp
)

HTF

(

ε ∂THTF

∂t
+

[

uz
∂THTF

∂z
+ ur

∂THTF

∂r

])

=

[
1
r

∂
∂r

(

keff,HTFr
∂THTF

∂r

)

+
∂
∂z

(

keff,HTF
∂THTF

∂z

)]

+ hsf Asf (TMF − THTF)

(9)

MF-Energy (
ρCp
)

MF(1 − ε) ∂TMF

∂t
=

[
1
r

∂
∂r

(

keff,MFr
∂TMF

∂r

)

+
∂
∂z

(

keff,MF
∂TMF

∂z

)]

+ hsf Asf (THTF − TMF)

(10)

PCM - Clear region Continuity
[
1
r

∂(rur)

∂r
+

∂uz

∂z

]

= 0
(11)

r-Momentum
ρPCM

(
∂ur

∂t
+

[

uz
∂ur

∂z
+ ur

∂ur

∂r

])

= −
∂p
∂r

+ Amush
(1 − φ(T) )2

λmush + φ3(T)
ur+

μPCM

[
1
r

∂
∂r

(

r
∂ur

∂r

)

−
ur

r2 +
∂2ur

∂z2

]

(12)

z-Momentum
ρPCM

(
∂uz

∂t
+

[

uz
∂uz

∂z
+ ur

∂uz

∂r

])

= −
∂p
∂z

+ Amush
(1 − φ(T) )2

λmush + φ3(T)
uz+

μPCM

[
∂2uz

∂z2 +
1
r

∂
∂r

(

r
∂uz

∂z

)]

+ gρPCMβPCM(T − T0)

(13)

Energy (
ρCp
)

PCM

(
∂TPCM

∂t
+

[

uz
∂TPCM

∂z
+ ur

∂TPCM

∂r

])

=

[
1
r

∂
∂r

(

kPCMr
∂TPCM

∂r

)

+
∂
∂z

(

kPCM
∂TPCM

∂z

)]

− ρPCMLfPCM
∂φ(T)

∂t

(14)

Tube wall Energy (
ρCp
)

Wall
∂T
∂t

= kWall

[
∂2T
∂z2 +

1
r

∂
∂r

(

r
∂T
∂r

)]
(15)

PCM - MFL region

Continuity
[

∂uz

∂z
+

1
r

∂(rur)

∂r

]

= 0 (16)

r-Momentum
ρPCM

ε

(
∂ur

∂t
+

1
ε

[

uz
∂ur

∂z
+ ur

∂ur

∂r

])

= −
∂p
∂r

+ Amush
(1 − φ(T) )2

λmush + φ3(T)
ur+

μPCM
ε

[
1
r

∂
∂r

(

r
∂ur

∂r

)

−
ur

r2 +
∂2ur

∂z2

]

− ρPCM

(
CF
̅̅̅
κ

√

)

|u|ur −
(μPCM

κ

)
ur

(17)

z-Momentum

ρPCM
ε

(
∂uz

∂t
+

1
ε

[

uz
∂uz

∂z
+ ur

∂uz

∂r

])

= −
∂p
∂z

+ Amush
(1 − φ(T) )2

λmush + φ3(T)
uz+

(μPCM
ε

)[∂2uz

∂z2 +
1
r

∂
∂r

(

r
∂uz

∂z

)]

− ρPCM

(
CF
̅̅̅
κ

√

)

|u|uz−

(μPCM
κ

)
uz + gρPCMβPCM(T − T0)

(18)

(continued on next page)
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through the utilization of a phase field parameter φ [51,52]. Within this 
parameter, a fully liquid region is represented by a value of unity, while 
a fully solid region is denoted by a value of zero [53]. In the intermediate 
or “mushy” region where the phase transition occurs, φ undergoes a 
linear change relative to temperature. Amush, plays a critical role in 
accurately capturing the flow resistance within the mushy zone of the 
PCM. Based on recent research [54], the appropriate selection of the 
mushy zone constant is crucial for stable and accurate simulations. For 
this study, a value of Amush was carefully selected to balance numerical 
stability and physical realism, reflecting the permeability characteristics 
of the metal foam. Given the presence of metal foam regions in the 
design, a significantly high value of the mushy parameter, denoted as 
Amush, was selected, set at 1010 Pa⋅s/m2 [37], to be comparable/higher 
than the permeability of the metal foam.

Effective thermal conductivity of MF and HTF in the HTF domain 
[55,56,59,61] can be obtained using: 

keff =
1

(MA + MB + MC + MD)

̅̅̅
2

√

2
(43) 

MA =
4σ

((2e2 + πκ(1 − e) )kMF + (4 − πσ(1 − e) − 2e2 )kHTF )
(44) 

MB =
(ε − 2σ)2

(kMF(e − 2σ)e2 + kHTF(2e − 4σ − (e − 2σ)e2 ) )
(45) 

MC =

( ̅̅̅
2

√
− 2σ

)2

(
2πσ2

(
1 − 2

̅̅̅
2

√
e
)
kMF + 2

( ̅̅̅
2

√
− 2e − πσ2

(
1 − 2

̅̅̅
2

√
e
) )

kHTF
)

(46) 

MD =
2e

(e2kMF + (4 − e2)kHTF )
(47) 

σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
̅̅̅
2

√
(

2 − 5
8

̅̅̅
2

√
e3 − 2ε

)

(
π
(
3 − 4

̅̅̅
2

√
e − e

) )

√
√
√
√
√ (48) 

σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
̅̅̅
2

√
(

2 − 5
8

̅̅̅
2

√
e3 − 2ε

)

(
π
(
3 − 4

̅̅̅
2

√
e − e

) )

√
√
√
√
√

, e = 0.339 (49) 

For computing keff,MF plugs in kHTF = 0 and for keff,HTF plugs in kMF =

0. Moreover, the dynamic μPCM viscosity of PCM is artificially modified 
to improve the solver stability and model convergence. The equation 
μPCM = φ × μPCM,l + (1-φ) × μ∞ is introduced, where μ∞ represents an 
extraordinarily high viscosity, established at 105 Pa.s. This approach 
guarantees that in the liquid region (φ = 1), the viscosity remains 
equivalent to the standard dynamic viscosity μPCM,l, and it increases 
significantly in the solid region (φ = 0). The primary purpose of incor
porating source terms is to promote zero velocities in solidified zones, 
and this deliberate increase in dynamic viscosity facilitates this objec
tive. Additionally, this dynamic viscosity specification enhances the 
solver’s stability, simplifies the simulations, and maintains the authen
ticity of the physical model.

2.2. Initial and boundary conditions

Initially, the whole domain is at super cold temperature Tc, and then 
the HTF liquid flows into the tube at a hot temperature Th and melts the 
PCM inside the shell. Thus, the initial condition T = Tc was applied. The 
boundary conditions are the continuity of heat and temperature at the 
interfaces. For the interfaces of MF (within the LTNE model) and tube 
wall, the heat flux was divided into two channels. The first channel is the 
heat coming from the material inside the pores, i.e., ε × qPCM or ε ×
qHTF), which is proportional to the void space. The second channel is 
heated through the solid matrix, which is proportional to the solid space 
(1-ε) and can be written as ε × qMF. As a result, the interface boundary 
condition can be written as [37]: 

qWall = εqPCM +(1 − ε)qMF (50) 

This approach is critical for accurately capturing the phase change 
process and preventing numerical issues such as false diffusion, which 
can distort the interface behavior in phase change modeling, as dis
cussed by Ye and Arıcı [62]. The outflow with zero outlet gauge pressure 
and inlet pressure of Pi with a uniform temperature of Th was applied for 
the HTF fluid. The impermeability and zero-slip were also applied for all 
solid surface boundary conditions. A reference pressure point with zero 
gauge pressure was also applied at the bottom-left corner of the shell 
[37]. Zero heat flux was also applied to the remaining shell walls.

Table 3 (continued )

Domain Description Mathematical equation No.

Fluid-Energy

(
ρCp
)

PCM

(

ε ∂TPCM

∂t
+

(

uz
∂TPCM

∂z
+ ur

∂TPCM

∂r

))

=

[
1
r

∂
∂r

(

keff,PCMr
∂TPCM

∂r

)

+
∂
∂z

(

keff,PCM
∂TPCM

∂z

)]

− ερPCMLfPCM
∂φ(T)

∂t
+ hv(TMF − TPCM)

(19)

MF-Energy (1 − ε)
(
ρCp
)

MF
∂TMF

∂t
=

[
1
r

∂
∂r

(

keff,MFr
∂TMF

∂r

)

+
∂
∂z

(

keff,MF
∂TMF

∂z

)]

+hv(TPCM − TMF)

(20)

PCM phase field Liquid field φ(T) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 T < Tf −
1
2

ΔTf (Solidous phase)

(
T − Tf

)

ΔTf
+

1
2

Tf −
1
2

ΔTf ≤ T ≤ Tf +
1
2

ΔTf

(Solidous-Liquid region)

1 T > Tf +
1
2

ΔTf (Liquid phase)

(21)
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2.3. Characteristics parameters

The melting volume fraction (MVF) and stored energy (ES), as well as 
the storage power (PS), were considered as the thermal characteristics of 
the LHTES unit. Moreover, the flow volume rate was also computed as 
the hydraulic characteristics of the HTF tube. These characteristics were 
computed according to the relationships provided in Table 5. In the 
equations presented in Table 5, V is the revolved volume, and dV is the 
volume element for computing integral in revolved geometry.

Table 4 
Model equations for computing properties.

Property Symbol Equation No.

Effective thermal conductivity of MF in MFL [55,56] keff,MF keff,MF =
(1 − ε)

3
kMF,PCM

(22)

Effective thermal conductivity of PCM in MFL [55,56] keff,MF keff,PCM = kPCM
ε + 2

3
(23)

Permeability [55,56] κ
κ =

ε2

36

( ̅̅̅̅̅̅̅
κtor

3ε

√

dfp

)2

κtor(κtor − 1)

(24)

Pore diameter [57] dfp dfp = 2.54× 10− 2/PPI (25)

Pore characteristics [57] dfs dfs = 1.18

{
1

1 − e
(ε− 1)
0.04

} ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(1 − ε)

3π

√

dfp
(26)

Pore flow tortuosity [57] κtor

1
κtor

=
1
ε

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

3
4
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
9 − 8ε

√

2
×

cos

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

4
3

π+

1
3
cos− 1

(
8ε2 + 27 − 36ε

(9 − 8ε)
3
2

)

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

dfp

(27)

Forchheimer coefficient [57] CF CF = 0.00212×

(
dfs

dfp

)− 1.63

(1 − ε)− 0.132 (28)

Volumetric interface heat transfer between PCM and MF in MFL [58] hv hv =
kPCM

d2
fs

Nuv
(29)

Nusselt number in MFL [58] Nuv Nuv =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(
76.99−

152.01 × ε + 75.04 × ε2

)

, 0 ≤ Re ≤ 0.1

(
1.72 + 1.71 × ε−

3.46 × ε2

)

×

Re0.26 × Pr0.28, 0.1 < Re ≤ 1 

(30)

Nusselt number of HTF in MF insert [43,59] Nusf Nusf =

⎧
⎪⎪⎨

⎪⎪⎩

0.76Pr0.37Re0.4
MF ,1 ≤ ReMF ≤ 40

0.52Pr0.37Re0.5
MF ,40 ≤ ReMF ≤ 1000

0.26Pr0.37Re0.6
MF ,1000 ≤ ReMF ≤ 105 

(31)

Interface heat transfer between MF and HTF in MF insert hsf hsf = Nusf × ksf/dfp (32)
Pore scale Reynolds number in MF insert ReMF ReMF = ρHTF × dsp |u|/(ε × μHTF) (33)
Pore scale Reynolds number in MFL ReMF Re = dfs × uPCM × ρPCM/μPCM (34)
Reynolds number in HTF tube Re Re = R × uHTF × ρHTF/μHTF (35)
Prandtl number in MFL Pr Pr = μPCM × ρPCM/αPCM (36)
Thermal diffusivity in MFL αPCM αPCM = kPCM/(ρCp)PCM (37)
Thermal diffusivity in MF insert αHTF αHTF = kHTF/(ρCp)HTF (38)
Prandtl number in MF insert Pr Pr = μPCM × ρPCM/αPCM (39)

Interface surface between MF pore and HTF [43,58–60] Asf

Asf =

3π

⎛

⎝1 − e−
(1− ε)
0.004

⎞

⎠dfs

0.59dfp

(40)

Heat capacity of PCM (ρCp)PCM
(
ρCp
)

PCM = φ
(
ρCp
)

s + (1 − φ)
(
ρCp
)

l (41)
Density of PCM ρPCM ρPCM = φρs + (1 − φ)ρl (42)

Table 5 
Relationships for computing the characteristics parameters.

Property Symbol Equation No.

Melting volume fraction MVF MVF =
∮

VφεdV/
∮

VεdV (51)
Stored energy ES ES = ESlatent + ESsensible (52)
Storage power SP SP = ES/t (53)

Sensible stored energy ESsensible

ESsensible =

(ρCP)MF(T − T0)

∮

V
(1 − ε)dV+

[∮

V

(∫ T

T0

(ρCP)PCM(T)εdT
)

dV
]

+

(ρCP)WallVWall(T − T0)

+(ρCP)HTFVHTF(T − T0)

(54)

Latent stored energy ESlatent ESlatent = ε
∮

VLPCMρPCMφdV (55)

Table 6 
Mesh specifications and computational time.

Mesh parameter Elements Computational time

m = 5 67,354 20 h 33 min
m = 6 78,705 25 h 20 min
m = 7 90,087 60 h 23 min
m = 8 95,663 47 h 04 min
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3. Model simulation and verification

3.1. Solution approach

In this study, the Finite Element Method (FEM) is utilized to solve the 
partial differential equations outlined in Eqs. (2)–(21), along with the 
initial and boundary conditions. The momentum and heat transfer 
equations are transformed into a weak formulation and are addressed 
using a second-order technique as discussed in reference [63].

This transformation facilitates the equations’ integration over ele
ments, a process accomplished via Gauss quadrature integration. The 
product of this is a set of algebraic residual equations, which are sub
sequently resolved iteratively using the PARDISO solver [64,65]. This 
solution process incorporates the Newton method, working in a coupled 
fashion to deliver the solution. To enhance the convergence rate, a 
damping factor of 0.9 is utilized. The regulation of the time step is 
achieved by using the backward differential formula (BDF), with a free 
order that spans between 1 and 2 [66]. This strategy controls the 

solution’s precision while maintaining computational efficiency.

3.2. Mesh examination

A mesh study was conducted to investigate the influence of mesh 
resolution on the trend and accuracy of numerical simulations. Simu
lations were run for Pi = 750 Pa, FL = 1.5, and RRVMF = 0.3, across four 
different mesh resolutions. The mesh resolution was regulated using a 
scale parameter, m. Table 6 reports the number of elements and 
computational time. An increase in the m parameter boosts the number 
of elements and computational time.

Fig. 4 presents the time history of MVF during the melting process at 
various mesh resolutions. The results appear to be closely aligned. The 
model was also simulated with smaller m parameter values and coarse 
mesh sizes. However, these simulations diverged after approximately 
230 s when natural convection effects began. This divergence might be 
due to the BDF automatic time step control used, maintaining the so
lution within a relative error of 0.001. The coarse mesh likely could not 
provide a sufficiently accurate solution for the solver to control. 
Conversely, the other meshes delivered accurate results, as shown in 
Fig. 4, since the BDF scheme controlled the solution’s accuracy and 
timestep size.

A mesh with m = 6 was selected for the results section’s simulations 
to balance computational time and solution accuracy. Fig. 5 provides a 
view of the utilized mesh. Given the mesh’s fine detail, a full view ap
pears purely black. Therefore, this figure offers a schematic view of the 
domain and several zoomed-in sections of the mesh. As observed, a 
structured non-uniform mesh is present in the HTF domain. The tube 
wall has a uniform structured mesh. A free quad mesh structure was 
applied to the PCM and MF domains inside the shell.

3.3. Model validation

To check the accuracy of the model and simulations, the outcomes of 
the current model are compared with the empirical outcomes of Zheng 
et al. [49]. The authors conducted a hands-on investigation of paraffin 
wax melting within a copper metal foam-filled square enclosure. The 
paraffin, initially at a chilled 14 ◦C and in solid form, was in an enclosure 
with dimensions of 100 mm in height and width. An electrical heater, 
producing a heat flux of 1150 W/m2, warmed the enclosure’s left or the 
top side. The heat generated was absorbed by the PCM and MF within 
the enclosure, leading to a gradual increase in the enclosure’s 

Fig. 4. MVF for four different mesh resolutions.

Fig. 5. Mesh view for the selected Case of m = 6: (a) schematic view of the computational domain as a reference, (b) mesh structure at the bottom left of the domain, 
(c) mesh at the top left, and (c) general view of the mesh at the middle.
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temperature until the PCM hit the melting point of 55.3 ◦C. The porosity 
was ε = 0.95 with PPI = 5. A comparison of this research’s simulation 
outcomes with Zheng et al. [49] observations are showcased in Fig. 6.

Moreover, the temperature readings were obtained at the heated 
wall. Fig. 7 draws a comparison between the temporal progression of the 
measured ([49]) and calculated (current study) temperatures for an 
enclosure heated from the side and 25 mm from the heated wall. The 
results of numerical simulations from Zheng et al. [49] have also been 
reported. The results indicate that the present simulations are in good 
match with the experimental and numerical data reported in [49].

4. Results and discussions

This comprehensive study offers insightful information regarding the 

effects of the metal foam layer (FL) shape parameter on thermal energy 
storage and heat transfer enhancement in an LHTES unit. This analysis 
studied the operating conditions under three different HTF inlet pres
sures, Pi = 250, 500, and 750 Pa.

The table showcases the impact of varying FL parameters and inlet 
pressures on the heat transfer performance. Here, the Reynolds number 
(Re) - a measure of flow characteristics of the HTF - remains constant for 
each pressure level. The MVF, indicating the charging state of the 
LHTES, is also studied at 90 % (MVF = 0.9) and 95 % (MVF = 0.95) 
levels, and the corresponding time to reach these charging levels and the 
power at these instances are reported.

A clear trend is noticeable with changes in the FL parameter for a 
given inlet pressure. As the FL parameter increases from 0.75 to 1.75, 
there is a generally decreasing trend in the time required to reach both 
90 % and 95 % MVF. This suggests that larger FL parameters result in 
more efficient thermal energy storage, as less time is required to reach a 
high state of charge. However, this trend has slight deviations, such as 
for Pi = 250 Pa, the time increases when FL changes from 1.375 to 1.5.

With the rise in the FL parameter, the storage power required to 
reach these MVF states correspondingly increases. The power required 
to reach both 90 % and 95 % MVF is generally higher with larger FL 
parameters, implying that while the system reaches a high state of 
charge more quickly, it does so due to enhanced heat transfer as the fin 
expands along the heated tube.

Another trend is visible with the increase in inlet pressure. For a 
given FL parameter, a higher inlet pressure results in a reduced time to 
reach both 90 % and 95 % MVF. It suggests that operating the system at a 
higher pressure leads to more efficient charging of the LHTES system. 
Similar to the FL parameter, there is an increase in power requirement 
with the increase in inlet pressure for both MVF states, implying that 
higher pressure levels provide better storage power.

The study’s findings provide some notable peaks and troughs. For 
instance, the maximum time to reach 90 % MVF (190 min) occurs at the 
lowest FL parameter (0.75) and the lowest inlet pressure (250 Pa). 
Conversely, the minimum time (115 min) happens at the highest FL 
parameter (1.375) and the highest inlet pressure (750 Pa). These ex
tremes highlight the efficiency gains achievable through optimizing 
both the FL parameter and the inlet pressure. The melting time exhibits a 
considerable variation of approximately 40 % when altering both the 

(b)

Fig. 6. Verification of the melting heat transfer in an enclosure filled by PCM-MF of porosity 0.95: (a) the present simulations with (b) observations of [49] for the 
heater at the top.

Fig. 7. Heated wall temperature during the melting process reported by [49] 
against the simulated results of the present research.
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Fig. 8. Melting time at various MFL aspect ratios (FL): (a) MVF = 0.9, and (b) MVF = 0.95.

Fig. 9. Energy storage power at various MFL aspect ratios (FL): (a) MVF = 0.9, and (b) MVF = 0.95.

Fig. 10. The time-history for the case with the highest inlet pressure (Pi = 750 Pa) and selected cases FL = 0.75 (minimum power), FL = 1.625, and FL = 1.375 
(maximum power) for (a) melt fraction, and (b) stored energy.
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inlet pressure and the MFL (FL) shape. Specifically, when maintaining a 
constant inlet pressure of 750 Pa, the energy storage power for a mean 
void fraction (MVF) of 0.9 can be modified from 32.2 W at FL = 0.75 to 
48.7 W at FL = 1.37. This significant shift in power output highlights a 
substantial variation of approximately 34 % achieved solely by adjusting 
the shape of the MFL.

The results derived from the table are vividly represented in Figs. 8 
and 9. Fig. 8 specifically demonstrates the melting time for various FL 
under two distinct conditions - when the MVF is 0.9 and when the MVF is 
0.95. Subsequently, Fig. 9 illustrates the energy storage power at these 
same MFL aspect ratios (FL) for two specific situations - with an MVF of 
0.9 and when the MVF stands at 0.95.

Fig. 10 provides an in-depth time history for the case bearing the 
highest inlet pressure, Pi = 750 Pa. This figure presents specific in
stances of FL = 0.75 (indicative of minimum power) alongside FL =
1.625 and FL = 1.375 (typical of maximum power). It concentrates on 
two key elements: the melt fraction (see Fig. 10(a)) and the stored en
ergy (refer to Fig. 10(b)). The intricacies of the underlying physics of 
melting heat transfer are elucidated through the interpretation of the 

melting interface, streamlines, and isotherms, which are meticulously 
illustrated in Fig. 11. It focuses on two specific scenarios - when FL is 
0.75, indicative of low charging power, and when FL stands at 1.375, 
indicating high charging power, both under the condition of Pi = 750 Pa.

Analyzing the graphical data represented in Fig. 10(a), one can 
discern that the scenario with FL = 1.375 facilitates a broad MFL over 
the HTF tube. This condition promptly leads to the melting of the PCM 
adjacent to the tube within the initial 10 min, and after the 20-min mark, 
the entirety of the PCM within the MFL is found to be in the molten state. 
Contrarily, the situation with FL = 0.75 only manages to encapsulate a 
segment of the tube. However, the former case, with FL = 0.75, extends 
deeper into the PCM domain and similarly melts almost the entire PCM 
within the MFL domain. Both cases display a somewhat narrow molten 
region within the clear PCM domain. Therefore, only slight differences 
are evident in the amount of MVF during the early stages between the 
two cases.

The case with FL = 0.75 presents a marginally lower MVF, attrib
utable to smaller solid regions at the MFL edges deep within the PCM 
domain. Following this initial phase (t > 80 min), the disparities 

Fig. 11. The melting interface, streamlines, and isotherms when Pi = 750 for two selected cases of FL = 0.75 (low charging power) and FL = 1.375 (high 
charging power).
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between MVF, as visible in Fig. 10, become more pronounced, with the 
scenario at FL = 0.75 falling significantly behind the one at FL = 1.375. 
This lag is attributed to the natural convection effects and low conduc
tion resistance between the tube wall and the solid PCM.

In the case of FL = 1.375, the MFL is expanded along the tube, 
providing a low resistance pathway between the residual solid PCM and 
the tube wall. Conversely, for FL = 0.75, only a minor segment of the 
tube is enhanced by the PCM, and a significant MFL is observed between 
the tube wall and solid PCM, leading to considerable conduction thermal 
resistance between solid PCM and the tube wall. Additionally, observing 
the streamlines reveals that the case with FL = 1.375 offers ample space 
for natural convection in the clear region. In contrast, the extended MFL 
in case FL = 0.75 might partially obstruct natural convection pathways. 
The temperature contours also affirm efficient conductive heat transfer 
in MFL for both cases, given that there are minimal temperature gradi
ents within the MFL. However, the temperature gradients are slightly 
more intense in the case of FL = 0.75 due to its thicker MFL shape than 
the FL = 1.375 case. This suggests a slight deviation in heat conduction, 
marked by the unique shape of the MFL for FL = 0.75 compared to that 
for FL = 1.375. This comprehensive analysis aids in understanding the 
varying dynamics of heat transfer under different conditions and the 
subsequent influence on the melting process.

A solution was also obtained for the model with no MF insert in the 
HTF tube as the reference case. In this instance, the inlet pressure was 
adjusted to achieve a Reynolds number (Re = 488) similar to that of case 
19 in Table 7. The results indicated a melting time of 240 min (MVF =
0.9) and 265 min (MVF = 0.95). Consequently, the presence of MF in
serts in the HTF tube reduced the melting time by 26 % (MVF = 0.9) and 
25 % (MVF = 0.95) when compared to the scenario where MF inserts 
were absent.

5. Conclusions

This study presents an in-depth investigation into the effect of the 
shape parameter of the metal foam layer and its influence on heat 
transfer and thermal energy storage efficiency in an LHTES unit. The 
research focuses on operations under three diverse HTF inlet pressures, 

Pi = 250, 500, and 750 Pa, and the system’s melting heat transfer 
behavior.

A principal finding of the study is the direct correlation between the 
FL parameter and the time necessary for charging the LHTES unit to 
reach MVF levels of 90 % and 95 %. As the FL parameter increases from 
0.75 to 1.75, there is a general trend of decreasing time to reach these 
charging states. Thus, generally an increase of FL improves the melting 
rate in the LHTES unit. There are only few cases at high values of FL and 
particularly for low inlet pressure Pi = 250 Pa, where the time increased 
as the FL parameter changed from 1.375 to 1.5.

Furthermore, increasing the inlet pressure also enhances the effi
ciency of the LHTES unit. As the inlet pressure rises, the time required to 
achieve both 90 % and 95 % MVF is reduced. The energy storage rate 
was also improved by increasing the inlet pressure.

Significant observations were made regarding the time required to 
attain certain MVF states. The most prolonged duration to achieve a 90 
% MVF (190 min) occurred with the smallest FL parameter (0.75) and 
the lowest inlet pressure (250 Pa). Conversely, the quickest achievement 
of the same MVF state (115 min) was recorded at the highest FL 
parameter (1.375) and the greatest inlet pressure (750 Pa). Altering the 
inlet pressure and FL could change the melting time by about 40 %.

With a constant inlet pressure of 750 Pa, the energy storage power 
for MVF = 0.9 (90 % charging) could vary from 32.2 W at FL = 0.75 to 
48.7 W at FL = 1.37. Thus, about 34 % shift in the energy storage rate 
can be achieved merely by adjusting the MFL shape parameter, FL.
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Table 7 
The investigated cases, melting time and power for 90 % and 95 % melting.

Case Pi (Pa) FL Re MVF = 0.90 MVF = 0.95

Time (min) Power (W) Time (min) Power (W)

1 250 0.75 196 190 29.6 214 27.7
2 250 0.825 196 181 31.2 204 29.0
3 250 1.0 196 161 35.0 183 32.3
4 250 1.125 196 150 37.5 172 34.4
5 250 1.25 196 141 39.8 162 36.5
6 250 1.375 196 131 42.4 148 39.6
7 250 1.50 196 134 41.6 154 38.4
8 250 1.625 196 132 42.2 147 39.8
9 250 1.75 196 136 40.7 152 38.4
10 500 0.75 354 180 31.5 202 29.4
11 500 0.825 354 162 34.8 185 32.3
12 500 1.0 354 150 37.8 172 34.7
13 500 1.125 354 139 40.7 160 37.1
14 500 1.25 354 130 43.5 150 39.6
15 500 1.375 354 123 45.9 142 41.9
16 500 1.50 354 119 46.9 136 43.5
17 500 1.625 354 120 46.7 134 43.8
18 500 1.75 354 124 45.0 141 41.9
19 750 0.75 488 176 32.2 199 30.0
20 750 0.825 488 159 35.7 180 33.0
21 750 1.0 488 146 38.8 168 35.6
22 750 1.125 488 135 41.9 156 38.1
23 750 1.25 488 126 45.0 146 40.8
24 750 1.375 488 115 48.7 132 45.1
25 750 1.50 488 119 47.5 138 43.3
26 750 1.625 488 116 48.5 130 45.4
27 750 1.75 488 120 46.7 138 43.2
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[16] G. Czerwiński, J. Wołoszyn, Influence of the longitudinal and tree-shaped fin 
parameters on the Shell-and-tube LHTES energy efficiency, Energies 16 (1) (2022) 
268.

[17] M.T. Alam, A. Raj, L.K. Singh, A.K. Gupta, Configurational assessment of 
solidification performance in a triplex-tube heat exchanger filled with composite 
phase change material, Appl. Therm. Eng. 120814 (2023).

[18] M.A. Alnakeeb, W.M. Galal, M.E. Youssef, M.M. Sorour, Melting characteristics of 
concentric and eccentric inner elliptic tube in double tube latent heat energy 
storage unit, Alex. Eng. J. 73 (2023) 443–460.

[19] M. Teggar, S.S. Ajarostaghi, Ç. Yıldız, M. Arıcı, K.A. Ismail, H. Niyas, F.A. Lino, M. 
S. Mert, M. Khalid, Performance enhancement of latent heat storage systems by 
using extended surfaces and porous materials: a state-of-the-art review, J. Energy 
Storage 44 (2021) 103340.

[20] R. Elarem, T. Alqahtani, S. Mellouli, F. Askri, A. Edacherian, T. Vineet, I. 
A. Badruddin, J. Abdelmajid, A comprehensive review of heat transfer 
intensification methods for latent heat storage units, Energy Storage 3 (1) (2021) 
e127.

[21] A. Agrawal, D. Rakshit, Review on thermal performance enhancement techniques 
of latent heat thermal energy storage (LHTES) system for solar and waste heat 
recovery applications, New Res. Direct. Solar Energy Technol. (2021) 411–438.
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