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A B S T R A C T   

The improvement of heat transfer in latent heat thermal energy storage (LHTES) system is a crucial task. In the 
current study, the impact of diverse metal foam (MF) layer arrangements on heat transfer fluid (HTF) within a 
shell-tube LHTES is explored. Six distinct cases (A-F) with varied MF coverage percentages and layer dimensions 
were assessed. The local thermal non-equilibrium model was utilized to take into account the PCM and MF 
temperatures. The finite element method was used for solving the partial differential equations. The impact of 
MF configurations and inlet pressures (250 Pa, 500 Pa, and 750 Pa) on the thermal energy storage/release was 
addressed. Cases A-C, featuring a 50 % MF concentration, exhibit shorter melting times than Cases D–F, with 
decreasing MF concentrations. A higher MF concentration improves the melting process due to increased thermal 
conductivity and lower thermal resistance on the HTF side. Cases D–F, with a centralized MF layer and 
decreasing concentrations from 25 % to 6.25 %, display progressively shorter melting times, suggesting that a 
lower MF concentration leads to more efficient melting. Solidification times also decrease with increasing inlet 
pressures across all cases. Reynolds numbers, influenced by average HTF tube outlet velocity, vary substantially 
across cases and inlet pressure differences. Cases A-C demonstrate similar Reynolds numbers for each inlet 
pressure difference, while Cases D–F show a more pronounced increase in Reynolds numbers as the MF layer is 
reduced and flow resistance drops. Cases A (50 % MF layer) and F (6.5 % MF layer) provide the quickest charging 
and discharging times due to their unique combination of MF layer properties and inlet pressures. The study 
highlights the need to consider MF layer composition and inlet pressure when designing optimal LHTES systems 
for efficient energy storage/release.   

1. Introduction 

In recent years, Latent Heat Thermal Energy Storage (LHTES) has 
garnered considerable interest due to its potential to address energy 
efficiency and sustainability issues. Effective use of LHTES systems can 
result in substantial energy savings, decreased greenhouse gas emis
sions, and enhanced energy management [1,2]. The heat transfer fluid 
(HTF) is one of the primary components of LHTES systems and serves a 
crucial role in transferring heat between different components. Metal 
foam (MF) inserts can substantially enhance the efficacy of high- 
temperature foams (HTFs). This article aims to provide insights into 

the use of MF inserts in LHTES systems, specifically in a shell-tube 
design, and their effect on the HTF side. 

LHTES enables the storage and retrieval of thermal energy by uti
lizing the latent heat associated with phase change materials (PCMs) 
[3,4]. The high energy density of PCMs enables a more compact storage 
system when compared to sensible heat storage methods, resulting in 
reduced space requirements and potential cost savings [4]. LHTES sys
tems have been utilized successfully in various applications, including 
waste heat recovery, solar energy storage, building heating and venti
lation, and thermal management of electronic devices [5]. 

In recent years, the need to integrate renewable energy sources, such 
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as solar and wind power, into the energy infrastructure has fueled in
terest in LHTES. To ensure a stable energy supply, the intermittent na
ture of these energy sources necessitates the development of efficient 
and dependable energy storage solutions [6,7]. LHTES systems offer a 
valuable means of storing excess energy generated during periods of 
high supply and releasing it during periods of high demand, thereby 
improving the overall efficiency of the energy system [8]. 

One of the primary challenges associated with LHTES is the relatively 
low thermal conductivity of the majority of PCMs, resulting in sluggish 
charging and discharging rates and limiting the system's overall efficacy 
[9]. Researchers have investigated various approaches such as using 
nano-additives [10], dynamic phase change [11,12], nano- 
encapsulation [13,14], metal foams [15] and fins [16]. Among these 
approaches, MFs are a promising candidate for improving the thermal 
conductivity of PCMs and circumvent the low thermal conductivity 
limitation [15,17]. MFs are porous materials with a high surface area-to- 
volume ratio, exceptional mechanical properties, and good thermal 
conductivity [9,18]. 

It has been demonstrated that the incorporation of MFs into PCMs 
substantially improves the thermal conductivity of the PCM, resulting in 
quicker charging and discharging rates and improved overall LHTES 
system performance [10]. In addition, MFs can offer structural support 
for PCMs, preventing leakage and deformation during phase transitions 
[19,20]. Recent research has demonstrated the efficacy of MFs in a va
riety of LHTES applications, including waste heat recovery [21,22] and 
solar energy storage [23]. 

Heat exchangers are essential components of LHTES systems because 
they facilitate heat transfer between the PCM and HTF. The thermal 
conductivity of the materials used and the overall design of heat ex
changers [24] can have a substantial effect on their efficacy. Due to their 
high thermal conductivity, large surface area, and low-pressure drop, 
MFs have been identified as promising materials for enhancing the ef
ficiency of heat exchangers [17,25]. 

It has been demonstrated that the use of MFs in heat exchangers 
improves heat transfer performance by increasing the effective heat 
transfer area, which results in higher heat transfer coefficients [26,27]. 
This improvement in heat transfer performance can result in more 
effective LHTES systems with quicker charging and discharging rates 
[23]. Recent studies on the use of MFs in various LHTES designs, such as 
shell-and-tube [28], plate [29], and finned-tube configurations [30], 
have demonstrated significant enhancements in heat transfer efficiency. 

While it has been demonstrated that incorporating MFs into LHTES 
systems improves heat transfer performance, it is essential to consider 
the cost and weight implications of their use. MFs can be relatively 
expensive and add weight to a system, which may negate some of the 
advantages of enhanced heat transfer performance [31,32]. Therefore, it 
is essential to optimize the quantity of metal insulation used in the 
system to accomplish the intended performance enhancement while 
mitigating the added cost and weight. 

Recent studies have investigated the use of small quantities of MF to 
accomplish significant improvements in heat transfer performance 
without substantially increasing the system's cost or weight [17,33]. 
These studies have emphasized the significance of choosing the proper 
MF partial layer and MF characteristics, such as pore size, porosity, and 
thermal conductivity in the PCM domain, to accomplish the desired 
performance enhancements while minimizing material requirements. 
Additional research can help identify the optimal configurations and 
designs for MFs used in various LHTES applications. 

Shell-tube LHTES units are a prevalent variety of LHTES design that 
employs a shell-and-tube heat exchanger with the PCM on one side and 
the HTF flowing through another side [34,35]. This design offers several 
benefits, such as the ability to accommodate a wide variety of HTF and 
PCM materials, the simplicity of manufacturing and assembly, and the 
scalability of larger systems [36]. Recent research has centered on 
improving the design of shell-tube LHTES systems to enhance system 
performance and efficiency [34,37]. Diverse strategies, such as the use 

of finned tubes, enhanced heat transfer surfaces, and the incorporation 
of MFs within the PCM, have been investigated [29,30,37,38]. These 
investigations have demonstrated the potential for significant en
hancements in the shell-tube LHTES's heat transfer performance, 
resulting in more compact and efficient energy storage systems. 

Using MFs for LHTES in shell-tube configuration has been investi
gated in several published investigations [34,37–42]. Nonetheless, the 
enhancement in heat transmission in LHTES is a combination of heat 
transfer in the HTF, tube exterior, and MF-PCM domain. A significant 
enhancement in heat transmission on the HTF side could be crucial for 
pairing with the MF-PCM domain. Thus, the present study investigates 
for the first time the effect of employing numerous MF layers on the HTF 
side. For an equitable comparison of the investigated designs, the inlet 
pressure was assumed to be constant. Using MF inserts on the HTF side 
of shell-tube LHTES systems may improve the heat transfer to HTF, 
while the performance of MF can be boosted or limited by the heat 
transfer capability of the PCM side. The results of this study will 
contribute to the ongoing development and optimization of LHTES 
systems, with the aim of improving the efficacy and efficiency of these 
systems for a broad variety of applications. 

2. Physical model 

The depiction of a concentrated solar heating system for building 
heating exemplifies the significance of LHTES in the advancement of 
solar energy technology. This is because solar energy depends on 
weather and time and, thus, is intermittent. An LHTES can stock a 
substantial amount of energy at fusion temperature in a small volume, 
thereby reducing energy fluctuations in transitory solar energy systems. 
The system comprises a solar collector, storage tank, LHTES unit, and 
circulating pumps. The collector heats water and stores it as sensible 
heat in the hot water tank, which provides hot water as required by the 

Fig. 1. The physical domain and model configuration.  
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structure. 
Additionally, an auxiliary cycle connects the hot water storage tank 

to the LHTES unit. During low energy demand or high energy produc
tion, the pump in the auxiliary energy storage loop becomes active and 
transfers the excess heat to the LHTES unit. Conversely, when solar 
energy generation is inadequate, the tank extracts energy from the 
LHTES unit. Fig. 1 portrays a diagram of the system. 

Using a shell-tube shape, Fig. 2 depicts the design of a Latent Heat 
Thermal Energy Storage (LHTES) device. The heat transfer fluid, water, 
enters the tube at a pressure of Pin and leaves at the top outlet at zero 
pressure. The wall thickness of the tube is t, and its outer radius is R. The 
tube is made of copper and has an outer radius of R. The tube shell is 
partly coated with a copper-based heterogeneous MF layer. The foam 
layer is separated from the shell wall by a void filled with paraffin wax, 
which experiences a phase transition and stores/releases latent heat 
energy at Tf. Depending on the discharging/charging operation, water 
transfers heat to the paraffin wax PCM domain through the tube wall 
and exits at a higher or lower temperature. Many LHTES units may be 
connected in parallel, series, or a mix of the two to meet the capacity and 
demand needs of the cycle shown in Fig. 2. The primary purpose is to 
examine the heat transfer design of the LHTES unit, which includes a 
layer of heterogeneous foam. 

The heat transfer in the unit is controlled by two sections of heat 
transfer in the PCM storage unit and the HTF side. Here, a layer of 
isotropic MF has been added to the HTF tube to boost its heat transfer 
rate and reduce its storage time. The foam fills 50 % of the tube and can 
be added in various ways. Th = Tf + 15 ◦C and Tc = Tf - 15 ◦C are the two 
temperatures inside the temperature cycle. At a fixed-point temperature 
of Th, the hot tank transmits surplus energy to the LHTES unit when its 
beginning temperature is Tc. Thus, throughout the charging procedure, 
Th is considered to be the HTF's intake temperature, and Tinitial = Tc. 

Fig. 3 shows several configurations of the MF layers in the tube. In 

this extension, several configurations of MF layers in the tube, focusing 
on six distinct cases (Case A-F), were considered. These cases represent 
different percentages of MF coverage and varied MF layer dimensions. 
The MF layers are essential in controlling the heat transfer characteris
tics in the HTF tube, and their configurations directly impact the overall 
performance. In Case A, the HTF tube is filled with 50 % MF. In this 
configuration, the MF layer covers half of the tube's height (H), with 
equally distributed foam layers of length (LMF=H/10). The uniform 

Fig. 2. The application diagram of the LHTES unit in a domestic solar heating cycle.  

Fig. 3. Various configurations of MF layer in the tube for (a) Case I with 50% 
MF: LMF=H/10, dMF=H/10; (b) Case II with 50 % MF: LMF=H/6, dMF=H/6; (c) 
Case III with 50 % MF: LMF=H/2; (d) Case IV with 25 % MF: LMF=H/4; (e) Case 
IV with 12.5 % MF: LMF=H/8; (f) Case IV with 6.25 % MF: LMF=H/16. 
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distribution of the foam layers is expected to improve the heat transfer 
on the entire HTF side. 

Regarding Case B, 50 % of the HTF tube is filled with foam layers. In 
this case, the MF layer still covers half of the tube's height but with 
different dimensions: LMF = H/6 and dMF = H/6. This case also provides 
a semi-uniform MF distribution. Case C configuration presents an MF 
layer that covers half of the tube's height but with LMF = H/2. This setup 
creates a single, thick MF layer that spans half the tube's height. Thus, in 
this case, the foam layer is concentrated along the center. A large 
pressure drop and small inlet velocity can be expected for all Cases A-C. 

In Case D, the MF layer covers a quarter of the tube's height, with LMF 
= H/4. The reduced MF coverage may result in lower heat transfer ef
ficiency and less uniform flow distribution than the previous cases with 
50 % MF coverage. However, this configuration can provide lower 
pressure drops and flow resistance. The smaller the flow resistance, the 
larger the flow inlet velocity, which may return increases the heat 
transfer rate. The configuration of Case E features an MF layer covering 
an eighth of the tube's height (12.5 % MF), with LMF = H/8. The 
reduction in MF coverage may further decrease the heat transfer effi
ciency and flow uniformity compared to cases with higher MF coverage. 
However, the pressure drop and flow resistance are expected to be lower 
in this configuration. 

In Case F, the MF layer covers only a sixteenth of the tube's height, 
with LMF = H/16, and MF fills only 6.25 % of the HTF tube. This 
configuration offers the least MF coverage, which may reduce heat 
transfer efficiency and non-uniform flow distribution. On the other 
hand, this setup is expected to provide the lowest pressure drops and 
flow resistance among all the cases. This case is closest to the clear HTF 
tube with no MF. 

In summary, the various configurations of MF layers in the tube 
directly impact the heat transfer characteristics, flow distribution, 
pressure drops, and flow resistance. Higher MF coverage typically leads 
to enhanced heat transfer and more uniform flow distribution but may 
also introduce higher pressure drops and flow resistance. Since the inlet 
pressure is fixed for all cases, an MF layer can reduce the flow rate and 
negatively impact the heat transfer rate. The present analysis aims to 
study these trade-offs when selecting the most suitable MF configuration 
for an LHTES unit. 

2.1. Principal equations 

The physical model comprises three distinct regions: the HTF, the 
copper tube wall, and the composite MF-phase change material (MF- 
PCM). The principal equation for the tube wall (copper) pertains to heat 
conduction and is articulated as [43–46]: 

(
ρCp
)

Wall
∂T
∂t

= kWall

(
∂2T
∂z2 +

1
r

∂
∂r

(

r
∂T
∂r

))

(1) 

Here, Cp, ρ, and k denote the specific heat capacity, density, and 
thermal conductivity of the tube wall, respectively. The time (t) and the 
temperature field (T) were used in the heat equation. The r- and z-axis 
introduce the cylindrical coordinate system, as demonstrated in Fig. 2, 
with the “wall” subscript representing the tube wall. 

2.2. HTF principal equations 

The local thermal non-equilibrium model is utilized to model the 
heat transfer in MF in the HTF and PCM domains. The governing 
equations encompass mass conservation, momentum, and energy for the 
HTF region: 
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In this case, ur and uz denote the velocity components. The dynamic 
viscosity is symbolized by μ, while the HTF subscript signifies the HTF 
region. The HTF flow is considered laminar (ReHTF 〈2000) with ReHTF =

ρHTF × u × D/μHTF in the tube and u = √(ur
2 + uz

2). It is important to note 
that gravity effects are not present in the HTF region, as it is assumed 
that there is a significant force convection due to the high inlet pressure. 
In the clear parts of the tube, ε → 0 and κ → ∞ while in the MF parts, the 
porosity and permeability are the characteristics of the MF. 

The effective thermal conductivity (keff) for MF and HTF fluid is 
calculated using the following formulas [43,47–49]: 
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where the effective thermal conductivities of HTF (keff,HTF) is obtained 
by plugging in kMF = 0 in the above equations for the MF regions of the 
HTF tube. Similarly, the effective conductivity of the MF (keff,MF) tube is 
obtained by setting kHTF = 0 in the porous regions of the HTF. The 
thermal conductivity due to interstitial fluid at the microscopic pore 
[50] is evaluated following [51]: 

ktd =
0.36

(1 − ε)ρHTFCpdfp|u| (9a) 
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Following [52], the permeability was also evaluated as: 
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ε2
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and for the Frochheimer coefficient [52]: 

CF = 0.00212×
(

dfs

dfp

)− 1.63

(1 − ε)− 0.132 (12) 

For computing the interface heat transfer between MF and HTF in
side the pores, the following relations were employed [47,53]: 

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

, (13)  

where hsf = Nusf × ksf/dfp and ReMF = ρHTF × dsp |u|/(ε × μHTF) is the pore 
Reynolds number. Moreover, αPCM = kPCM/(ρCp)PCM and Pr = μPCM ×

ρPCM/αPCM. The interface surface between pores and the HTF was also 
computed following [47,53–55]: 

Asf =
3π
(

1 − e−
(1− ε)
0.004

)
dfs

0.59dfp
, (14)  

2.3. PCM-MF principal equations 

The MF-PCM hybrid structure involves the MF, characterized by 
open cells that enable the molten PCM to circulate through the gaps. Due 
to variations in the temperature of the molten PCM, buoyancy-induced 
natural convection could potentially initiate flow movements. There
fore, to simulate phase change free convection heat transfer, it is vital to 
resolve the equations of mass and momentum conservation, along with 
the energy conservation for phase change. To represent phase change, 
the enthalpy porosity technique is applied, which introduces source 
terms that depend on the volume fraction of melt (φ), enforcing the zero 
velocities in solidified areas. The model also acknowledges the distinc
tion between the temperature of the PCM and that of the MF porous 
structure within the pores, leveraging a local-thermal non-equilibrium 
model to accommodate these variances in temperature. Including non- 
Darcy influences and key source terms, the main equations governing 
mass, fluid flow, and energy are formulated accordingly [43–45]: 
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The subscripts of eff and MF denote the effective properties and MF, 
respectively. The latent heat of phase change (L), gravity acceleration 
(g), porous permeability (κ), Frochheimer (CF), and thermal volume 
expansion coefficient (β) are symbols used in the above equations. The 
control parameters Amush = 1010 Pa.s/m2 and λmush = 0.001 were uti
lized here. 

The dynamic viscosity is regarded as dependent on the melt volume 
fraction (φ), which helps to enhance solver stability and enforce zero 
velocity in areas that are solid. The viscosity is presented as μPCM = (1-φ) 
× μa + φ × μPCM,l, with μa being an artificially large viscosity value, set at 
105 Pa.s. This approach ensures that the viscosity equals the standard 
dynamic viscosity μPCM,l in the liquid region (where φ = 1) and artifi
cially increases significantly in the solid region (where φ = 0). The 
source terms primarily aim to ensure zero velocities in solid areas, and 
this artificial increase in dynamic viscosity assists in accomplishing this 
goal. Additionally, this formulation of dynamic viscosity enhances the 
solver's stability and simplifies simulations without detriment to the 
physical model. 

Eqs. (17a) and (17b) illustrate heat transmission within the MF and 
PCM phases. The term hv accounts for the thermal interplay between the 
two phases of MF and PCM. In these equations, effective thermal con
ductivities are utilized, as pore structures have a direct impact on 
thermal conductivities [49]. Here, φ is dependent on the PCM temper
ature as follows [56]: 

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)

(18) 

Here, ΔTf represents the phase transition interval surrounding the 
fusion temperature Tf. 

(
ρCp
)

PCM

(

ε ∂TPCM

∂t
+

(

uz
∂TPCM

∂z
+ ur

∂TPCM

∂r

))

=

1
r

∂
∂r

(

keff,PCMr
∂TPCM

∂r

)

+
∂
∂z

(

keff,PCM
∂TPCM

∂z

)

− ερPCMLPCM
∂φ(T)

∂t
+ hv(TMF − TPCM)

(17-a)   
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The closure equations for PCM in MF are slightly different from HTF- 
MF in the previous section since they were involved with forced con
vection and higher pore Reynolds numbers than natural convection 
flows in the present section. The uniform permeability (κ) and effective 
thermal conductivity of MF-PCM (keff,MF) are calculated using the 
following formulas [43,49]: 

k =
(1 − ε)

3
kMF (19)  

while the permeability was computed using Eq. (9) and Frochheimer 
coefficient using Eq. (12). The volumetric interstitial heat transfer co
efficient is employed to assess the heat exchange between the PCM and 
MF [55]: 

hv =
kPCM

d2
fs

Nuv (20) 

Here, Nuv refers to the volumetric interstitial heat transfer Nusselt- 
number [57]. Nuv is then calculated for low pore scale Reynold 
numbers as follows [55]: 

Nuv =

{
76.99 − 152.01ε + 75.04ε2 0 ≤ Re ≤ 0.1(
1.72 + 1.71ε − 3.46ε2)Re0.26Pr0.28 0.1 < Re ≤ 1 (21) 

In this context, αPCM = kPCM/(ρCp)PCM and Pr = μPCM ρPCM/αPCM. The 
pore scale Reynolds number (Re) is introduced as pore scale Reynolds 
number, Re = dfs uPCM ρPCM/μPCM. 

Various models have been proposed in prior research to calculate the 
Nusselt number, but a majority of these are tied to high Reynolds 
number values, usually greater than 1. For free convection of molten 
PCM within MF, the circulation speeds are quite low, resulting in Rey
nolds numbers generally below 1. As a result, a specific relationship for 
Reynolds numbers less than one is needed. The model presented by Yao 
et al. [55] has been implemented for this purpose. The model of [55] was 
validated compared to experimental data and showed strong alignment 
with the PCM's phase transition in MF. The equation is applicable for 
porosity values between 0.929 and 0.974 and Prandtl numbers between 
21 and 41. It is important to highlight that the Nusselt number is non- 
zero even when velocity is extremely low or at a standstill because 
thermal diffusion still significantly contributes to the heat transfer be
tween the MF and PCM. 

In conclusion, the PCM's effective thermal conductivity was assessed 
using the following references [43, 49]. To calculate the PCM's prop
erties of the within the mushy area, a linear weight average was 
employed: 

keff,PCM = kPCM
ε + 2

3
(22a)  

(
ρCp
)

PCM = φ
(
ρCp
)

s +(1 − φ)
(
ρCp
)

l (22b)  

ρPCM = φρs +(1 − φ)ρl (22c) 

In this case, the s and l subscripts denote the solid and liquid phases. 
Table 1 provides a summary of the properties of the paraffin, MF, and 
tube wall. 

2.4. Initial and boundary conditions 

The heat flux and temperature continuity at all interconnected sur
faces were applied as the thermal boundary condition. With respect to 
LTNE conditions in the MF regions, temperature continuity was first 
applied. Following this, the heat flux (q) continuity was separated into 
two components using porosity. As a result, the continuity of heat flux at 
the intersection of MF and the tube wall was formulated as follows: 

qWall = (1 − ε)qPCM + εqMF (23)  

where it is valid for both MF-HTF and MF-PCM domains. 
A consistent inlet temperature of Th was employed, with T set at Tf +

15 ◦C, where Tf is the chosen phase change temperature. A steady 
relative pressure, p = Pin, was applied at the HTF inlet boundary. 

The outlet was treated with an outflow condition, which includes 
zero relative pressure and a no heat flux condition, indicated by -n.q = 0, 
where ‘n’ symbolizes the normal vector to a surface. It was assumed that 
the shell walls were perfectly insulated, also indicated by -n.q = 0. Non- 
penetrating and No-slip conditions were applied to all walls except for 
the in and out ports, detailed earlier. The whole LHTES unit was pre
sumed to start at a temperature of Tc = Tf-15 ◦C. A zero-pressure 
reference point was applied to the lower left corner of the PCM domain. 

The continuity of velocity and shear stress were applied for the 
interface of the foam layer and PCM. Furthermore, the temperature and 
heat flux continuity was considered at the interface between the porous 
layer and the clear flow region. The temperature of the MF layer at the 
interface was assumed to be equal to the temperature of PCM. 

However, given the limited temperature variation in this study, the 
thermophysical properties were assumed to be constant, excluding the 
PCM, which experiences a phase transition. Moreover, the impact of 
temperature shifts on density alteration was factored into the buoyancy 
effect utilizing the Boussinesq approximation in the molten PCM. 

2.5. Key parameters 

The average quantity of liquefied PCM within the PCM domain 
(MVF) is described as: 

MVF =

∮

V
φεdV/

∮

V
εdV (24) 

Here, dV denotes the volumetric element of the PCM domain. The 
accumulated thermal energy is calculated as the summation of apparent 
and latent energies as: 

Qsensible = (ρCP)MF(T − T0)

∮

V
(1 − ε)dV

+

[∮

V

(∫ T

T0

(ρCP)PCM(T)εdT
)

dV
]

+(ρCP)WallVWall(T − T0) + (ρCP)HTFVHTF(T − T0)

(25)  

Qlatent = ε
∮

V
LPCMρPCMφdV (26)  

Qstore = Qlatent +Qsensible (27) 

Energy Storage Power is computed as. 

Table 1 
A Summary of the thermophysical characteristics for involved material.  

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

Paraffin (solid/liquid) 
[58–60] 

916/790 0.21/0.12 2700/2900 176 49–54* 0.0036 0.00091 

Water [61] 997.1 0.613 4179 – – 0.000957 0.00021 
Copper foam [62] 8900 380 386 – – – –  

* Tf = 51.5. 
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Power = Qstore/t (28) 

Power signifies the average power of TES. 

3. Numerical method, mesh study, and model verification 

3.1. Finite element method 

This study utilizes the finite element method (FEM) to solve the 
partial differential equations presented in Eqs. (1), (2–6), and (15)–(17), 
along with the initial and boundary conditions. The momentum and heat 
equations were transformed into a weak form and solved using a second- 
order dissertation. The equations were integrated over elements using 
Gauss quadrature integration, resulting in an algebraic set of residual 
equations. These residual equations were solved iteratively with the 
PARDISO solver, utilizing the Newton method in a coupled manner. A 
damping factor of 0.9 was employed to increase convergence. The time 
step was regulated using the backward differential formula with a free 
order ranging from 1 to 2. The solution method is illustrated in Fig. 4. 

3.2. Mesh study 

A mesh study is an essential phase in numerical simulations to 
guarantee the precision and dependability of the outcomes. A mesh, 
which in this case consists of connected quads to represent the problem's 
geometry, is a discretization of the computing domain. The simulation's 
convergence, the correctness of the solutions, and computational time 
are all directly impacted by the mesh size. Mesh study examines how 
different mesh sizes affect simulation results in order to choose a mesh 
resolution that strikes a compromise between accuracy and computing 
effectiveness. For various mesh resolutions, Table 2 shows the mesh 
information and computation time for the charging (melting) and dis
charging (solidification) processes. The number of quads and corre
sponding computation durations are shown in the table for N = 2, 3, 4, 5, 
and 6 different mesh refinement levels. 

The number of quads grows as the mesh is fine-tuned (N is raised), 
producing increasingly accurate representations of the geometry. 
Longer computation durations for the charging and draining operations 
are a side effect of this improvement. For instance, when N is increased 
from 2 to 6, the number of quads grows from 6660 to 60,433, and the 
computational times for charging and discharging both jump from 71 to 
822 min. The effect of mesh size on the MVF accuracy is shown in Fig. 5. 
As seen, adding adopted mesh provides acceptable accuracy for most 
engineering applications. However, a low-resolution mesh impacts the 
solution convergence. 

This mesh resolution was selected based on the mesh study findings 
(Table 2 and Fig. 5) and considering the trade-off between MVF accuracy 
and computational time. For both the charging and discharging pro
cesses, the mesh with N = 4 maintains a tolerable computing time while 
providing a sufficiently accurate representation of the geometry. A view 
of the chosen mesh with N = 4 for calculations is shown in Fig. 6. The 

Fig. 4. A graphical representation of the FEM procedure for simulating the 
storage of thermal energy via latent heat in the shell-tube storage unit. 

Table 2 
Mesh details and computational time for charging (melting) and discharging 
(solidification) process.  

N Quads Computational time (min) 

Charging Discharging  

2  6660  71  51  
3  15,232  166  124  
4  26,969  337  245  
5  42,036  534  406  
6  60,433  822  604  

Time (min)

M
V
F

0 10 20 30 40 50 60
0

0.2

0.4

0.6

0.8

1

N=2
N=3
N=4
N=5
N=6

Fig. 5. Impact of mesh size on the MVF accuracy.  
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mesh at HTF size, MF layer, and wall are depicted in detail. It should be 
noted that the mesh at the HTF tube is non-uniform and is denser close to 
the tube surface. The mesh has been stretched with a stretching factor of 
10. 

3.3. Model verification 

The research of Zheng et al. [62], which experimentally captured the 
melting interface in MFs, was utilized to confirm the simulated findings 
produced in this study. The simulation was done on a 10 cm by 10 cm 
square of uniformly porous MF with a porosity of 97.5 %. At the bottom 
of the enclosure, a heat source was supplied, and the actual melting 
interface of copper foam-paraffin was compared to the simulation data. 

The findings shown in Fig. 7 are in excellent accordance with the 
experimental pictures. 

To test the model's and code's correctness, experimental data re
ported by Kamkari et al. in their work on melting lauric acid PCM inside 
a 120 × 50 mm enclosure were compared to the model and code. In this 
investigation, the same model was simulated, and the resultant MVF was 
compared to theoretical and experimental data from the literature. It 
was determined that the simulated and present data were in excellent 
agreement, verifying the accuracy of the calculations and the model, as 
illustrated in Fig. 8. 

4. Results and discussions 

This section aims to investigate the impact of MF layers placed in the 
HTF tube on the charging and discharging behavior of a shell-tube shape 
LHTES unit. Here, three inlet gauge pressures of Pin = 250 Pa, 500 Pa, 
and 750 Pa were investigated. 

Table 3 presents the results of an investigation into the phase change 
times at various inlet pressures for an LHTES unit. The study is focused 
on six distinct cases (A-F), as depicted in Fig. 3, each featuring a different 
distribution and concentration of MF (MF) within the unit. 

Cases A to C each contain 50 % MF but with varying distributions of 
the MF within the unit. Although these cases share the same amount of 
MF, the differences in distribution are expected to influence the phase 
change times. In contrast, Cases D, E, and F feature MF layers placed at 
the center of the HTF tube, with decreasing amounts of MF in each case. 
Case D contains 25 % MF, while Cases E and F contain 12.5 % and 6.25 
% MF, respectively. Table 3 displays the melting and solidification times 
for each case under three inlet pressures: 250 Pa, 500 Pa, and 750 Pa. A 
comparison of the results for the six cases reveals several key findings 
and trends: 

Melting times generally decrease with increasing inlet pressure 

Fig. 6. A view of the selected mesh with N = 4 for computations.  

Fig. 7. The melting interfaces of paraffin wax in copper foam, as observed in the physical experiment by Zheng et al. [62], and as simulated in the current study.  
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Fig. 8. A comparison of MVF and temperature distribution in a cavity during the phase change with the empirical and theoretical literature studies [63,64].  
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across all cases. This consistent trend indicates that higher inlet pres
sures enhance the melting process, reducing the time required for the 
phase change to occur. The most significant decrease in melting time is 
observed between the 250 Pa and 500 Pa inlet pressures, while the 
difference between the 500 Pa and 750 Pa pressures is less pronounced. 

Cases with a higher MF concentration (Cases A-C) generally have 
shorter melting times compared to Cases D–F, which have a lower MF 
concentration. This suggests that a higher MF concentration leads to 
more efficient melting, possibly due to the increased thermal conduc
tivity and lower thermal resistance at the HTF side provided by the MF. 
However, the distribution of MF also plays a role, as evidenced by the 
varying melting times for Cases A, B, and C, despite their identical MF 
concentrations. 

The distribution of MF impacts both the melting and solidification 
times. Cases A, B, and C have different distributions of 50 % MF, and 
their melting and solidification times show noticeable variations. 
Among these cases, Case C has the longest melting and solidification 
times, suggesting that its MF distribution is the least effective at facili
tating the phase change processes. 

For Cases D, E, and F, where the MF layer is positioned at the center 
of the HTF tube, the decreasing MF concentration from Case D to Case F 
results in progressively shorter melting times. This trend indicates that a 
lower MF concentration in the central layer may lead to more efficient 
melting under the given conditions. As the amount of the MF layer re
duces, the flow resistance decreases, and since the inlet pressure is fixed, 
the HTF flow rate increases. 

Similar to the melting times, solidification times generally decrease 
with increasing inlet pressure for all cases. The most significant decrease 
in solidification time is observed between the 250 Pa and 500 Pa inlet 
pressures, with a smaller difference between the 500 Pa and 750 Pa 
pressures. The solidification times for Cases A, B, and C show variations, 
further emphasizing the influence of MF distribution on the phase 
transition process. Cases D, E, and F, with their central MF layers, 
display a trend of decreasing solidification times as the MF concentra
tion is reduced, mirroring the trend observed in the melting times for 
these cases. This suggests that a centralized MF layer with lower con
centrations may be more effective in facilitating phase change processes 
under the given conditions. 

Table 4 summarizes the tube Reynolds number (ReHTF) for various 
cases (A-F) and inlet pressure differences (250 Pa, 500 Pa, and 750 Pa). 
The properties of water are constant (as reported in Table 1), and thus, 
the Reynolds number is controlled by the average HTF tube velocity 
outlet. 

Table 4 shows Reynolds numbers vary widely across the different 

cases, as well as with changing inlet pressure differences. The results 
reveal a clear trend of increasing Reynolds numbers with increasing inlet 
pressure differences for each case. Cases A, B, and C demonstrate similar 
Reynolds numbers for each inlet pressure difference. For these cases, at 
250 Pa inlet pressure, the Reynolds number is 197, which remains 
constant for both Case A and Case B. As the inlet pressure rises to 500 Pa, 
the Reynolds number increases to 354 for both cases. At 750 Pa, the 
Reynolds number for Case A and Case B remains the same at 489. Case C 
exhibits a slightly different behavior, with the Reynolds number at 355 
for an inlet pressure of 500 Pa while maintaining the same values as Case 
A and B for the other two inlet pressures. Since, in these cases, the 
amount of MF layer is fixed, the distribution of the layer induces mini
mal impact on the pressure drop. 

In comparison, cases D, E, and F demonstrate a more pronounced 
increase in Reynolds numbers with rising inlet pressure differences. For 
Case D, the Reynolds number starts at 353 at 250 Pa, then increases to 
607 at 500 Pa, and finally reaches 817 at 750 Pa. Case E experiences a 
more dramatic increase, with the Reynolds number beginning at 604 at 
250 Pa, jumping to 995 at 500 Pa, and reaching 1308 at 750 Pa. Case F 
exhibits the most substantial increase in Reynolds numbers, with values 
of 987, 1567, and 2024 for inlet pressures of 250 Pa, 500 Pa, and 750 Pa, 
respectively. Since in Cases D–F, the amount of MF layer reduces, the 
resistance to the fluid flow also drops, and thus, larger outlet velocity 
fluctuations (ReHTF) can be seen as the inlet pressure changes. 

Fig. 9 illustrates the temporal progression of melting and solidifica
tion for Cases A-F under an inlet pressure of 250 Pa. The findings reveal 
that Cases A and F yield the quickest charging and discharging time 
history compared to the other cases examined. Intriguingly, Case A 
comprises a 50 % MF layer, while Case F contains only a 6.5 % MF layer. 

The reasons behind this behavior can be ascribed to the MF layer's 
resistance to fluid flow. Given that a fixed inlet pressure was employed 
as a boundary condition, an MF layer can diminish fluid flow, sup
pressing convective heat transfer. Nevertheless, the MF layer also en
hances the heat transfer rate by improving the overall thermal 
conductivity and amplifying the heat transfer surface at the pore level. 
Conversely, a thin MF layer (Case F) imposes minimal resistance against 
fluid flow, resulting in a higher flow rate within the HTF tube. Thus, a 
high flow rate contributes to an elevated overall heat transfer rate. 

Conversely, a substantially thick layer of MF, when optimally 
distributed, significantly enhances the conduction of heat transfer on the 
HTF side. However, this also results in a pronounced pressure drop in the 
fluid flow, subsequently lowering the flow rate. A decrease in flow rate 
can potentially diminish the overall heat transfer efficiency. Conse
quently, both scenarios - a thin MF layer (Case F) and an optimally 
distributed, thick MF layer – (Case A) present themselves as feasible 
options for enhancing heat transfer. 

Case A, characterized by a lower flow rate, might result in a higher 
HTF outlet temperature compared to Case F. Therefore, the selection 
between these two design scenarios would depend on the specific ob
jectives of the storage design. Both designs could be of practical signif
icance, each with its unique advantages based on the overarching 
storage goals. 

Fig. 10 contrasts the melting and solidification profiles of the metal 
volume fraction (MVF) for various inlet pressures in Cases A and F. Both 
cases exhibit nearly identical MVF time histories at a low inlet pressure 
of 250 Pa. However, Case A demonstrates more rapid melting and so
lidification behavior as the inlet pressure rises. The increase in inlet 
pressure elevates the flow rate within the MF layer and heightens the 
temperature difference between the MF and HTF. 

Consequently, a higher flow rate amplifies the thermal interaction 
with the MF layer and the MF layer's thermal conductivity in heat 
transfer. As Fig. 10 displays, increasing the inlet pressure accelerates the 
phase change within the system. Conversely, in Case F, where only a 
small amount of MF is present, an increase in inlet pressure further 
augments the flow rate within the HTF tube. However, the flow rate is 
already high in this situation, and there is a significant temperature 

Table 3 
Phase change time at various inlet pressures for a LHTES unit.   

Melting time (Min) Solidification (Min) 

Inlet Pressure 250 Pa 500 Pa 750 Pa 250 Pa 500 Pa 750 Pa 

Case A  65.2  47.0  40.6  64.1  46.2  40.0 
Case B  68.9  50.4  43.8  67.6  49.9  43.1 
Case C  93.0  72.2  64.1  91.0  70.9  63.3 
Case D  85.5  70.6  64.2  83.7  69.8  63.3 
Case E  75.3  64.2  59.2  74.3  63.1  58.1 
Case F  66.2  57.7  53.8  65.3  56.3  52.9  

Table 4 
Tube Reynolds number (ReHTF) for various cases and inlet pressure differences.  

Inlet Pressure 250 Pa 500 Pa 750 Pa 

Case A  197  354  489 
Case B  197  354  489 
Case C  197  355  489 
Case D  353  607  817 
Case E  604  995  1308 
Case F  987  1567  2024  
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difference between the tube wall and the HTF. In this case, a further 
increase in the flow rate does not improve the heat transfer rate. 

Fig. 11 illustrates the accumulated and released heat in the LHTES 
unit during the melting and solidification. The outcomes presented in 
this figure correspond well with the metal volume fraction (MVF) time 
history results discussed in Figs. 9 and 10. This correlation can be 
attributed to the fact that most heat transfer occurs in the form of latent 
heat, which is directly associated with MVF. 

Among the cases examined, Case A offers the most rapid thermal 
energy storage and release, followed closely by Case F. This observation 
highlights the effectiveness of Case A in terms of both energy storage and 
retrieval, owing to its unique combination of MF layer properties and 

inlet pressure. The results suggest that the optimal design of LHTES 
systems should consider factors such as MF layer composition and inlet 
pressure to ensure efficient heat transfer and energy storage/release 
performance. 

It is crucial to highlight that both melting and solidification cases 
exhibit nearly identical durations for the phase change process. How
ever, these times are not perfectly identical, a discrepancy that can be 
ascribed to the role of the convection heat transfer mechanism. During 
the melting phase, the molten region initiates adjacent to the heated 
tube, progressively extending through the solid area. In this stage, the 
impact of the convection heat transfer is initially minimal, but as the 
molten region expands, the role of convection becomes more significant. 

Fig. 9. Time history of MVF when the inlet pressure is 250 Pa during (a) melting, and (b) solidification.  

Fig. 10. Time history of MVF for various inlet pressures (a) Case A, (b) Case F.  
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On the contrary, the solidification process begins at the tube wall. At 
this point, the entire storage unit is in a molten state, creating a robust 
convection heat transfer mechanism. As the solidification progresses, 
the solid layer's thickness over the tube wall increases, introducing a 
conduction resistance to heat transfer, and the molten region subse
quently decreases. Therefore, this inverse process involves a different 
heat transfer mechanism compared to the melting phase. Thus, due to 
these differing heat transfer dynamics during melting and solidification, 
the overall durations of these two processes do not precisely match. 

Fig. 12 presents the melting region and streamlines for three Cases: 
A, C, and F. Meanwhile, Fig. 13 depicts the temperature contours of the 
temperature difference (T-Tinitial) during the melting process for the 
same cases as in Fig. 12, as well as the temperature difference on the HTF 
side. These images are provided at 10-min intervals. 

In Case A, Fig. 12 reveals that melting begins at the bottom and 
gradually develops upwards. Observing Fig. 13, it becomes apparent 
that the temperature difference at the inlet is quite high, and the pres
ence of an MF layer serves to enhance the heat transfer rate. Conse
quently, in Case A, the most significant heat transfer on the HTF side 
occurs at the bottom area. As time progresses, PCM at the enclosure's 
bottom melts, causing the melting interface to move away from the HTF 
tube. This results in increased heat transfer resistance on the PCM side in 
the bottom area, reducing heat transfer at the bottom. Thus, the HTF 
liquid reaches the middle of the HTF tube at a higher temperature. 

The MF layer in the middle section aids in heat transfer and conveys 
heat to the PCM domain in the central areas of the chamber. This fa
cilitates the development of liquid PCM regions in the middle and top 
sections of the PCM chamber. The heated liquid PCM at the bottom 
region also circulates toward the top regions due to natural convection 
flows, further melting the top region. Examining the color maps, it be
comes evident that the HTF outlet temperature difference is approxi
mately 15 ◦C at the initial time (t = 10 mins), increasing to 17 ◦C, 19 ◦C, 
21 ◦C, and 23 ◦C at 20, 30, and 40 min of charging time. A low- 
temperature difference shows a larger temperature drop compared to 
the inlet temperature. As demonstrated, Case A provides an excellent 
temperature drop during the charging process, making it an ideal design 
for applications that aim to directly charge or discharge an LHTES unit at 
low flow rates. 

In Case C, the MF layer is positioned around the center of the HTF 
tube. In this configuration, the heat transfer rate is high at the inlet as the 
fresh HTF liquid enters the tube and in the middle due to the presence of 

Fig. 11. Time history of total stored energy for various cases when inlet 
pressure is 250 Pa. 

10 min   20 min   30 min   40 min   50 min   60 min

Case A 

Case C

Case F 

Fig. 12. The time history of melting process for three Cases A, C, and F.  
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the thermally conductive MF layer. The melting pattern reveals a slight 
liquid region at the bottom and a more pronounced region in the middle 
of the PCM chamber. Interestingly, the middle region first expands to
ward the bottom (40 mins) and then upwards. The top region remains 
the last solid portion of the PCM chamber after 60 min of melting. 

Examining the temperature contours reveals a favorable temperature 
drop compared to the inlet temperature during the initial and middle 
melting times (t = 10–40 min). However, as time progresses, the outlet 
temperature approaches the inlet temperature, indicating a reduced 
thermal charging rate in the later stages of the process. 

Case F features a small layer of MF at the center. Melting initiates in a 
minor region in the middle where the MF layer is located, as well as at 
the bottom where the heat transfer rate at the tube wall is high. The 
melting region expands into the PCM chamber from both the center and 
bottom. The streamlines exhibit effective natural convection circulation 
within the molten area. A modest temperature drop is observed at the 
HTF tube outlet during the initial times when energy storage is sub
stantial. However, the temperature drop decreases as time progresses. 
The low-temperature drop at the outlet in Case F can be attributed to the 
high flow rate. Essentially, the absorbed heat by the PCM chamber is 
insufficient to raise the temperature of the large volume of the following 
liquid in the HTF tube. As a result, this design may be more suitable for 
applications that incorporate an HTF storage tank and an internal 
circulating loop, which can gradually inject heat into the storage unit. 
This approach can help to maintain a balance between the heat ab
sorption capacity of the PCM chamber and the heat transfer capabilities 
of the HTF system. 

5. Conclusions 

The current research investigates the impact of various MF layer 
configurations on the heat transfer fluid inside a shell-tube LHTES sys
tem. In the study, six distinct cases (Case A-F) were considered, repre
senting different percentages of MF coverage and varied MF layer 
dimensions. The configurations directly impact heat transfer charac
teristics, flow distribution, pressure drops, and flow resistance. Higher 
MF coverage typically leads to enhanced heat transfer and more uniform 
flow distribution but may also introduce higher pressure drops and flow 
resistance. The FEM solved the partial differential equations. The impact 
of inlet pressure and MF configuration was addressed on the melting and 
solidification process. The main findings of the study can be listed as 
follows:  

• The study investigates the impact of MF layers in a shell-tube LHTES 
unit under varying inlet pressures (250 Pa, 500 Pa, and 750 Pa) and 
MF distributions and concentrations (Cases A-F). The results indicate 
that higher inlet pressures generally lead to faster melting and so
lidification times, with the most significant decrease in phase change 
time observed between 250 Pa and 500 Pa inlet pressures. The var
iations in melting and solidification times for the six cases highlight 
the importance of both MF concentration and distribution in the 
LHTES unit. 

• Cases A to C, with a 50 % MF concentration and varying distribu
tions, exhibit shorter melting times than Cases D to F, which have 
decreasing MF concentrations. This suggests that a higher MF con
centration enhances the melting process due to increased thermal 
conductivity and lower thermal resistance at the HTF side. The 
melting and solidification times for Cases A, B, and C show notice
able variations, emphasizing the impact of MF distribution on phase 
change processes.  

• For Cases D, E, and F, where the MF layer is located at the center of 
the HTF tube, and the MF concentration decreases from 25 % to 6.25 
%, the melting times progressively decrease. This trend suggests a 
lower MF concentration in the central layer leads to more efficient 
melting under the given conditions. The reduced MF layer results in 

10 min   20 min  30 min  40 min   50 min  60 min 

Case A 

Case C 

Case F 

Fig. 13. The time history of temperature contours (T-Tinitial) ◦C during the 
melting process for three Cases A, C, and F. 
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decreased flow resistance, and since the inlet pressure is fixed, the 
HTF flow rate increases.  

• Similar to melting times, solidification times generally decrease with 
increasing inlet pressures for all cases. The variations in solidification 
times for Cases A, B, and C further emphasize the impact of MF 
distribution on phase change processes. Cases D, E, and F display 
decreasing solidification times as the MF concentration is reduced, 
mirroring the trend observed in the melting times. This indicates that 
a centralized MF layer with lower concentrations may be more 
effective in facilitating phase change processes under the given 
conditions.  

• Cases A, B, and C demonstrate similar Reynolds numbers for each 
inlet pressure difference, with minimal impact on the pressure drop 
due to the fixed amount of MF layer. In contrast, Cases D, E, and F 
exhibit a more pronounced increase in Reynolds numbers with rising 
inlet pressure differences as the amount of MF layer reduces and the 
resistance to fluid flow drops.  

• Cases A and F exhibit the quickest charging and discharging time 
history among the cases examined. Case A has a 50 % MF layer, while 
Case F has only a 6.5 % MF layer. The behavior can be attributed to 
the MF layer's resistance to fluid flow. In Case A, the MF layer en
hances the heat transfer rate by improving overall thermal conduc
tivity and amplifying the heat transfer surface at the pore level. In 
Case F, a thin MF layer imposes minimal resistance against fluid flow, 
resulting in a higher flow rate within the HTF tube and an elevated 
overall heat transfer rate.  

• The findings suggest that the optimal design of LHTES systems 
should consider factors such as MF layer composition and inlet 
pressure to ensure efficient heat transfer and energy storage/release 
performance. Case A offers the most rapid thermal energy storage 
and release, followed closely by Case F. The effectiveness of these 
cases can be attributed to their unique combination of MF layer 
properties and inlet pressure. 
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