Journal of Building Engineering 98 (2024) 111040

Contents lists available at ScienceDirect
ons BUILDING
ENGINEERING

Journal of Building Engineering

ELSEVIER journal homepage: www.elsevier.com/locate/jobe NN

L))

Check for

Improving a shell-tube latent heat thermal energy storage unit for ="
building hot water demand using metal foam inserts at a constant
pumping power

Fathi Alimi“, Hakim S. Sultan Aljibor’ib, Mohamed Bouzidi ““, Aeshah Alasmari ®,
Shima Yazdani’, Mehdi Ghalambaz ®"

@ Department of Chemistry, College of Science, University of Ha'’il, P.O. Box 2440, Ha’il, 81441, Saudi Arabia

Y College of Engineering, University of Warith Al-Anbiyaa, Karbala, 56001, Iraq

¢ Department of Physics, College of Science, University of Ha'il, P.O. Box 2440, Ha'il, Saudi Arabia

d Laboratoire de Recherche sur les Hétéro-Epitaxies et Applications, Faculty of Science of Monastir, University of Monastir, Monastir, 5019, Tunisia
¢ Department of Physics, College of Science, University of Bisha, Bisha, 61922, Saudi Arabia

f Laboratory on Convective Heat and Mass Transfer, Tomsk State University, 634050, Tomsk, Russia

8 Department of Mathematics, Saveetha School of Engineering, SIMATS, Chenndi, India

ARTICLE INFO ABSTRACT

Keywords: The phase transition heat transfer during the melting and solidification processes of phase change
Heat transfer enhancement materials (PCMs) was modeled in a shell-tube thermal energy storage unit. For the first time,
Melting and solidification special attention was dedicated to the heat transfer enhancement on the heat transfer fluid (HTF)
Energy storage power side by placing metal foam (MF) inserts in the HTF tube. The MF inserts on the HTF side were

Metal foam inserts in heat transfer liquid placed next to the fin bases to produce the maximum heat transfer enhancement. A two-

temperature local thermal non-equilibrium model was applied to accurately model the tran-
sient heat transfer in the MF domains. To perform a fair heat transfer analysis and consider the
hydrodynamic aspects of heat transfer, the pumping power for driving the HTF fluid was kept
fixed. The finite element method with automatic time-step control was used to integrate the
model equations. Results show that the insertion of the MF in the HTF tube enhances conduction
heat transfer but reduces flow for a constant pump power. Using a small amount of MF provides a
good flow rate and a convective heat transfer while using a large amount of MF provides good
conduction heat transfer but a poor flow rate and convection. A moderate amount of MF inserts
results in poor conduction and a poor flow rate, notably increasing the phase transition time. A 5
% MF insert could provide about a 13 % shorter solidification time compared to a 25 % MF insert.
Thus, a well-designed and engineered MF insert configuration on the HTF side can reduce the
phase transition time and improve the energy storage power.

1. Introduction

Thermal energy storage is vitally important in renewable energy systems. Its primary function is to mitigate the discrepancies
between the availability of energy and its consumption, especially critical with intermittent renewable sources like solar and wind. By
implementing demand response programs within microgrids, adjustments to electricity usage can be made about fluctuating
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availability and pricing of power. Such adaptations are facilitated effectively through the deployment of thermal energy storage units
[1].

Latent heat thermal energy storage (LHTES) is a particularly effective method of storing and releasing heat which has found many
applications in solar heating [2,3] and photovoltaic systems [4]. LHTES units utilize phase change materials (PCMs) that absorb and
release heat during phase transitions, thereby storing energy [5]. LHTES systems are crucial for improving the efficiency and sus-
tainability of thermal management in buildings, particularly through the integration of solar energy. However, LHTES systems often
suffer from low thermal conductivity and leakage problems, resulting in a low heat storage and release rate [6]. Gao et al. [7] noted
that while LHTES using paraffin provides greater storage within the phase-change temperature range, challenges in fully solidifying
the paraffin limit its effective capacity, underscoring the need for optimization. Saxena et al. [8] enhanced solar air heaters with small,
cost-effective PCM containers using materials like coconut oil and paraffin wax, which proved particularly effective in mild cold
climates by extending heating durations and improving thermal performance. Almitani et al. [9] improved phase change rates by
integrating multi-walled carbon nanotubes (MWCNTSs) into PCMs, speeding up the melting process by up to 3.86 % and optimizing
LHTES for rapid thermal response. Additionally, Jin et al. [10] demonstrated that integrating LHTES with solar-assisted heat pumps
could cut energy consumption by 56.6 %, significantly lowering operational costs and enhancing renewable energy use in heating. Wu
etal. [11] further showed that incorporating PCMs into the structures of buildings, such as in ventilated walls for passive solar heating,
can effectively dampen indoor temperature fluctuations, providing a more stable and comfortable environment.

To address poor heat transfer issues, one solution is the integration of porous supports and PCMs to fabricate shape-stabilized phase
change materials (ss-PCMs) [12]. Shell-and-tube LHTES units are a common design, and geometric and operational parameters can
significantly influence their performance [13]. For instance, the ratio of the shell-to-tube radius and the heat transfer fluid (HTF) flow
rate and temperature can all impact the charging time and stored energy in the LHTES systems [14]. Notably, techniques such as fins,
encapsulation, and porous media stand out as key methods for enhancing the heat transfer efficiency of solar water heating systems
[15].

A range of techniques to enhance heat transfer have been designed to boost the efficiency of phase change materials. These
techniques include the use of extended surfaces [16] and fins [17,18], nanoparticles and nano-additives [19,20], and metal foams [21,
22]. The utilization of metal foams in shell-and-tube LHTES systems significantly enhances heat transfer due to their high surface area
and superior thermal conductivity [25]. Likewise, the strategic design of fins, when integrated into these units, substantially improves
heat transfer via natural convection. This improvement is credited to the specific engineering of fins to optimize their design features
[23,24]. Fins have long been used to enhance the heat transfer rate in energy systems. Considering their application in LHTES units,
several excellent research studies have addressed their effectiveness in improving the energy storage/release rate in LHTES systems. As
explored in Ref. [26], the arrangement of H-type fins emphasizes that even geometric variations such as fin width and the curvy angles
of circular layers can markedly influence the melting behavior, with optimal configurations reducing melting time significantly.

An innovative approach to enhancing heat transfer in shell-and-tube LHTES units is the incorporation of high-conductivity fins
[27]. The optimization of these fin designs can be achieved through methods such as topology optimization combined with
multi-phase computational fluid dynamics, enabling the development of more effective and complex geometries. Studies have
demonstrated that natural convection can significantly boost both melting and solidification processes when fins are carefully designed
with specific features [27]. Another research effort investigated the impact of varying fin distributions on the discharge performance of
shell-and-tube LHTES units, revealing that fin placement plays a crucial role in influencing energy storage efficiency [28]. Using a
twisted elliptical inner tube with a 720° twist and 11 fins has increased melting efficiency by over 156 % and reduced heat loss by more
than 41 % [29].

Incorporating fins into LHTES systems has markedly improved heat transfer rates and overall thermal efficiency. Structurally
optimized spiral fins, adjusting thickness, height, and spacing, significantly reduce the complete melting time of PCMs by 15.01 %,
thanks to better convective and conductive heating processes [30]. Additionally, the adoption of staggered fin-foam synergistic
configurations cuts down full melting times by 58.67 %, with an additional 13.18 % reduction achieved by dividing the system into
four segments [31]. Research into H-type fins reveals that broader fins significantly boost melting rates by 88 % and 32 % over
narrower options, while adjustable curvy fin angles modify energy storage and melting effectiveness [26].

LHTES systems are crucial for enhancing energy storage efficiency in buildings, especially with renewable energy like solar. Wang
et al. [32] demonstrated that a novel shell-and-tube LHTES unit with a high-endothermic film and PCMs significantly boosts thermal
performance, increasing average indoor temperatures by up to 2.6 °C and reducing fluctuations by 2.7 °C, while cutting electricity use
by 33.3 % at night. Simsek and Demirci [33] found that adding fins to heat exchangers reduced PCM melting times by up to 86.33 %,
enhancing LHTES system efficiency [3]. Twisted fins in horizontal double-tube heat exchangers create a swirling flow, reducing
thermal resistance and improving charge and discharge rates by 10-14 % over straight fins and up to 40 % compared to finless
configurations [34].

Some studies utilized metal foams to improve the heat transfer and response time of LHTES systems. A compact LHTES unit attached
to domestic radiators can save energy and reduce CO5 emissions. An aluminum foam embedded in PCM enhances heat storage/retrieval.
The metal foam-enhanced unit maintains a constant temperature of 54 °C during discharge. A higher metal foam porosity leads to shorter
charging/discharging times, with 97 % porosity being desirable [35]. Compared to traditional methods, introducing graded metal foams
and mechanical rotation improved the total melting time by up to 42.42 %. The strategic use of anisotropic metal foams in LHTES
systems notably boosts heat transfer and energy storage efficiency. Ghalambaz et al. [36] revealed that these foams, tailored for optimal
thermal conductivity and permeability, dramatically improve the phase transition and charging times of LHTES units. An optimal tilt
and anisotropic angle configuration can cut charging times by up to 20 % without compromising the unit’s weight or capacity,
showcasing the potential for more efficient energy storage solutions. Shen et al. [37] improved cascaded LHTES systems by embedding
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PCMs with tuned porosity, increasing heat storage rates by 73.21 % and reducing overcharging by up to 89.66 %.

Several recent studies utilized combined approaches to enhance the response time of LHTES systems. Wotoszyn and Szopa [38]
addressed the low thermal conductivity issue in LHTES systems by proposing a helical-coiled shell-and-tube unit with spiral fins. The
design combines the benefits of horizontal and vertical systems, offering improved energy and exergy efficiency, as well as reduced
PCM melting and solidification times. Numerical experiments compared nine thermal energy storage designs, revealing that the
proposed unit outperforms vertical and horizontal shell geometries with significant reductions in melting and solidification times (up
to 60 % and 26 % reduction, respectively). The proposed design achieves superior overall exergy efficiency while demonstrating
efficient solidification and melting times. In contrast, conical shell geometries effectively reduce melting time but lead to an increase in
total solidification duration. Guo et al. [39] conducted experiments to evaluate the role of metal fins and foam in enhancing heat
transfer of phase change materials. They introduced a new hybrid fin-foam tube and compared it with bare, fin-only, and metal foam
tubes. Thermal performance was assessed based on parameters like melting duration, temperature response, and uniformity. Results
revealed that the hybrid fin-foam structure was the most effective, reducing complete melting time by 83.35 % and enhancing tem-
perature response by 529.1 %. While metal foam contributed to better temperature uniformity, fins reduced it. Therefore, metal foams
are recommended when uniform temperature distribution is the primary concern.

Extensive literature demonstrates the potential of metal foams, fins, or their combination to enhance energy storage and release
rates in LHTES systems. However, little attention has been paid to the improvement of heat transfer between the HTF and PCM sides.
The current research pioneers the investigation of inserting metal foams adjacent to the fin basis within a heat transfer tube to amplify
heat transfer rates locally. The objective is to improve the heat transfer between the working fluid and PCM domain, resulting in
enhanced response time for the energy storage system.

2. Physical model
2.1. Model description

Integrating LHTES systems with renewable energy sources enhances their efficiency and reliability, particularly in solar thermal
applications. By leveraging the LHTES unit’s ability to mitigate energy variability, solar thermal systems can provide a more consistent
and reliable heat supply, which is essential for expanding the use of solar energy in residential and commercial heating.

The schematic view of the concentrated solar heating setup for building heating underscores the role of LHTES in advancing solar
energy technologies. Solar energy’s reliance on variable weather conditions and time makes it intermittent by nature. An LHTES
system can store substantial energy at phase transition temperatures in a compact space, thus stabilizing the energy output in transient
solar systems. This system includes a hot water storage tank, solar collector, an LHTES unit, and circulation pumps. Solar heat is
absorbed by water heated through the solar collector in the form of sensible heat, and this heated water is then stored in a tank,
prepared to stream hot water as needed.

Additionally, an auxiliary loop connects the hot water tank to the LHTES unit. This occurs during periods of surplus energy pro-
duction or low energy demand. The auxiliary pump is engaged to shift excess heat to the LHTES unit. In contrast, when solar energy
supply falls short, the tank retrieves energy from the LHTES unit. Fig. 1 displays a schematic of this system, featuring a vertically
oriented shell tube with the HTF entering from the bottom.

Fig. 2 illustrates the design of a shell-tube shape LHTES unit. Here, the HTF, water, flows into the tube at a pressure of P;, and exits
from the upper outlet at zero pressure. The tube’s walls are made of copper with a specific thickness t,,q; and an outer radius of R. Inside
the tube shell, a copper-based uniform metal foam layer exists, surrounded by a shell filled with a composite of the same metal foam
and PCM. Metal fins are integrated to boost heat exchange between the HTF and the PCM domain, which is thoroughly infused with
paraffin wax. This wax undergoes a phase change, storing and releasing latent heat at a transition temperature Ty. During the system’s
operation in either discharging or charging mode, heat is transferred through the tube wall between the water and the paraffin wax
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Fig. 1. Illustration of a schematic diagram depicting a hybrid electric heating solar system incorporating an LHTES unit. The heat storage tank holds on-demand
heated water, and the LHTES unit provides additional heat storage capacity.
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Fig. 2. Schematic view of LHTES unit and physical model. The metal foams are placed in the tube and inside the shell to support heat transfer at both the HTF and the
shell side.

PCM, resulting in a change in the outlet water temperature.

The main objective is to investigate the heat transfer dynamics within the LHTES unit, particularly by examining the three distinct
layers of metal foam inserts. The heat transfer in this system is divided into two primary sections: the HTF path and the PCM storage
area. An isotropic metal foam layer has been incorporated into the HTF tube to enhance heat transfer efficiency and decrease the
duration needed for thermal storage.

The volume of MF insert to the total volume of the HTF tube was introduced as the volume ratio of MF (0.05<VRyr < 0.7). Th = T
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Fig. 3. An overview of metal foam (MF) inserts in a heat transfer fluid (HTF) tube, showing configurations with varying total percentages of MF inserts. The tube is
filled with 5 %, 10 %, 25 %, 40 %, 55 %, and 70 % MF inserts by volume.
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+ 15 °C and Tc = T - 15 °C are considered as the operating temperatures of the energy storage system. Fig. 3 shows the model with

various amounts of MF inserts on the HTF side. The volume ratio of the MF insert is introduced as follows:

VRmr=Vwmr/Vurr = 3 X Hyr/H

where Vyr is the total volume of MF inserted in the HTF tube, and Vyrr is the total tube volume.

2.2. Mathematical equations

@

The governing equations in this study encompass fluid flow in both clear and porous domains, specifically for the HTF side.
Moreover, to analyze heat transfer within the metal foam (MF) inserts, a two-equation local thermal non-equilibrium (LTNE) model is
utilized. For the PCM-MF side, the governing equations involve fluid flow with buoyancy effects within the porous domain.

Table 1
The principal equations in model regions.
Region Equation name Equation formula Eq.
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Region Equation name Equation formula Eq.
MF-Ener oT 19 oT; (20)
& (PCp) (1 — 8) =1 = o <keff.MFr (;\:F) +
7] 0T
o (keff.MFYMF) + hy(Teem — Tur)
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olten field iquid field 0 T<(Tf—%ATf) @n
=414 (T—To) (T 1AT> <T< <T +1AT)
27 AT, 7R =7 =727 ),
1
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Table 2
Relationships for the thermophysical properties.
Property Notation Formula No.
Effective thermal conductivity of MF in MFL [41,42] Kett,MF (1-¢) (22)
kegrmr = 3 ki pem
Effective thermal conductivity of PCM in MFL [41,42] KeftMF e+2 (23)
ketipcm = kpcm73
Permeability [41,42] I3 Kur 4 2 @24
&2 3e #
K=r——t
36 Keor (Kior — 1)
Pore diameter [43] dp, dp, = 2.54x 1072 /PPI (25)
Pore characteristics [43] dss d =118 1 - E)d (26)
s = L. 1) 3 ‘fo
1— 004
Pore flow Tortuosity [43] Ktor 3 V9- 8£X 27)
4 2
11 4
- 2 —n+ d,
Keor € cos 3 fp
1, (8e?+27—36¢
P e
(9 — 8¢)2
Frochheimer coefficient [43] Cr d\ 103 (28)
Cr = 0.00212 x <i) (1—¢) 0132
dpp
interface heat transfer in volumetric form between MF and PCM in MFL [44] hy, b — kpcm Nu (29)
y, = y
a
Nusselt number in MFL [44] Nu, 76.99— (30)
,0<Re<0.1
152.01 x & + 75.04 x &
Nu, = 1.72+1.71 x e—
X
3.46 x &
Re%?® x Pr®? 0.1 <Re <1
HTF Nusselt number in MF insert [45,46] Nug 0.76 PL¥Rel4, 1 < Reyr < 40 31)
Nug = { 0.52 Pr®¥Re>, 40 < Reyr < 1000
0.26 Pr"¥Red%, 1000 < Reyr < 10°
MF insert’s interface heat transfer between HTF and MF hse hgr = Nugr x ke/dg, (32)
Pore scale Reynolds number in MF insert Reyp Remr = purr X dsp [u]/(e X prrre) 33)
MFL'’s Pore scale Reynolds number Re Re = dg X upcm X Ppem/Mpcm (34
Pore-scale Reynolds number in MFL Re Re = dg X Upcm X prem/Hecm (35)
Prandtl number in MFL Pr Pr = ppcm X ppem/Opem (36)
Thermal diffusivity in MFL opcm apcm = kpem/ (PCplpem 37)
Thermal diffusivity in MF insert AHTR oyt = kure/(pCplutr (38)

(continued on next page)
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Table 2 (continued)

Property Notation Formula No.
Prandtl number in MF insert pr Pr = ppcm X ppem/@pem (39)
Interface surface between HTF and MF pore [44-47] Ay (g (40)
37| 1 —e 0004 | dg
Ay =
o 0.59d;,
Heat capacity of PCM (Cplrem (PCo)pem =F(PCo)s+ (1 = 1) (pGCp), (41)
Density of PCM PrcM prem =fps+ (1 = flp (42)
Table 3
The thermophysical characteristics of the utilized material.
Materials p (kg/m>) k (W/m.K) C, (J/kg.K) L (kJ/kg) Tm (°C) u (kg/m.s) B Q/K)
Paraffin (solid/liquid) [50-52] 916/790 0.21/0.12 2700/2900 176 49-54 0.0036 0.00091
Water [53] 997.1 0.613 4179 - - 0.000957 0.00021
Copper foam [54] 8900 380 386 - - — —

An LTNE heat equation incorporating phase change in the fluid phase is also utilized [40]. The thermal behavior of the fins is
accounted for through the inclusion of conjugate solid conduction heat transfer. Table 1 summarizes the governing equations to
provide a comprehensive overview, and Table 2 provides closure models for the fluid and porous matrix phases.

In the HTF domain, the effective thermal conductivity of HTF and MF [41,42,45,48] can be obtained using:

V2

Ko = 30y + My + Mo 1 M) “43)
40
Ms =120 + o1 = &) oom + (4 — 26 — 501 — &) ey) (44)
B (e — 20)°
My = e = 20)ekyr + (26 — 40 — (e — 20) k) (45)
2
Mc = (v2 —20) (46)
(270%(1 — 2v2 e)kyr + 2(V2 — 2e — 762(1 — 22 €) ) kurr)
2e
Mo = ok + (4 = @ )rr) “7
\/§<2 —5v2e3 - 2e>
o= 48)

(z(3-4v2e—e))

\/§<2 sVIe o2
o= ((3-av3e—e)) ,e=0.339 (49)
To compute kefr,mr, input a value of zero for kyrp. Conversely, to determine ke rr, Set kmr to zero. Furthermore, to improve the
stability of the solver and facilitate model convergence, the dynamic PCM viscosity is intentionally modified. An equation has been
offered to express this: upcm = f ppcm,1 + (1- f) X U, Where g, stands for a remarkably elevated viscosity value of 10* Pa s. With this
approach, we ensure that the viscosity aligns with the typical dynamic viscosity ppcw,1 in the liquid state (where f = 1). Simultaneously,
it artificially inflates considerably in the solid state (where f = 0). This artificial augmentation of dynamic viscosity is crucial in
achieving the main goal of the source terms: imposing zero velocities in solid regions. Not only does this specific definition of dynamic
viscosity boost solver stability and smoothen simulations, but it also upholds the authenticity of the physical model. Table 3 lists the
thermophysical properties of utilized materials.

2.3. Model boundary and initial conditions

The whole domain is initially subjected to a significantly low (for melting) or high (for solidification) temperature, Ty. Then, a
heated/cooled HTF liquid with a temperature Tin is poured into the tube, causing the PCM within the shell to melt/solidify. Hence, the
initial condition is set as T = Ty. At the interfaces, the boundary conditions manifest as temperature and heat continuity.

The heat flux is split into two pathways for the interfaces of the MF (inside the LTNE model) and the tube wall. The first pathway,
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represented by gpcm X € or qurr X €, is linked to the unoccupied space. The second pathway relates to heat transmission through the
solid matrix, and it correlates with the solid volume (1-¢). This pathway can be denoted by qur x €. Hence, the interface boundary
condition can be articulated as per reference [49]:

qwall = gpcvé€ + qur(1 — €) (50)

The HTF fluid is subjected to an outflow with zero-gauge discharge pressure, while the inlet is maintained at an inlet pressure Pjp,
and a steady temperature of Th. All solid surface boundaries were treated with boundary conditions of no leakage and no permeability.
A zero pressure reference point for gauge pressure was assigned to the shell’s left corner at bottom [49]. Additionally, the remaining
shell walls were left untouched by any thermal flux.

2.4. Characteristic parameters
Melting volume fraction (MVF):

ffepdv

\4

MVF=———
ffpedv
14

(51)

where dV is the revolved volume element of the domain, and V is the revolved domain volume.
The stored energy is the sum of the apparent and latent heat as:

Qstore = Qiatent + Qsensible (52)
Where:

Quensive = (0Co)yup (T — To) fv (1—e)dv

([ vl

+(pCp)yan Vwan (T — To)
Quatent = ?{SLPCMPpcmf av (54)
v

where (pCp)pcym as introduced in Eq (41) is a function of melt fraction (f) which is consequently a function of temperature according to
Eq (21).
The following relationship computes the power of the energy storage

Power = Qstore/t (55)
The average outlet velocity is computed by integrating the outlet velocity profile over the outlet surface as:

Unrr = _# HTF OutlethA (56)

and the average velocity is used to compute the HTF Reynolds number as:

Re = pyrr X 2 x Uyrr x inside tube radius/nytr (57)

3. Numerical approach and model evaluation

3.1. Finite element method (FEM)

The computational fluid dynamics process was initially pursued through the application of the finite element method, converting
the controlling equations into a more malleable weak form and integrating these over the relevant domains [55]. The fields of

Table 4
Details of selected domain discretization for mesh study.
Case Mesh vertex Quads Triangles Computational time (s)
Melting Solidification
Normal 12245 6608 10710 1578 1065
Fine 22120 12894 17712 2927 2008
Finer 29654 15843 26747 4642 2914
Extra fine 121574 56770 127725 23724 16992
Extremely fine 382103 132132 496392 111692 71676
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temperature and velocity were managed using second-order elements. Gauss quadrature integration was then invoked to apply these
integrated equations across domain elements, thereby formulating a series of algebraic equations.

These resultant equations were processed iteratively and in a fully linked manner, utilizing the Newton method and the assistance
of the concurrent PARDISO solver [56,57]. Implementing a Newton damping factor of 0.85 helped bolster the solver’s stability and aid
convergence. Phase change equations demonstrated sensitivity to time step increments, mainly due to the robust source terms within
the momentum equations, which drive velocities to a null value within solidified areas.

Furthermore, the energy equation’s latent heat phase change term strongly correlates with time. Therefore, to ensure time steps
remain under control and maintain solution accuracy within a relative error under 10*4, the backward differential formula (BDF) was
used, with flexibility ranging from 1 to 2 [58]. This automatic time step management promises higher solution precision while
concurrently diminishing the overall computation duration by choosing optimal and stable time steps.

3.2. Mesh examination

The mesh resolution can have a significant impact on the solution accuracy. In order to test the impact of mesh size on the accuracy
of the results, a test case with the following parameters was selected. The geometrical parameters were adopted as follows: H = 0.40 m,
HTF inside tube radius = 5/16” (7.9 mm), L = 6 x tube nominal radius, tube thickness = 0.049” (1.5 mm), nominal tube radius = 1/4”
(6.4 mm), Lgj, = L/2, and tgj, = 4 mm. The MF insert volume ratio was selected as VRyr = 0.1, and the required power to compensate
for the pressure drop in the HTF tube was fixed at 3 (mW); thus, the corresponding pressure drop was computed as 336 Pa. The
operating conditions and thermophysical properties were explained in the modeling section. Five mesh sizes were adopted for the
mesh study, and their details are reported in Table 4. The HTF region and tube walls have a structured geometry; hence, they were
discretized by structured quad meshes. The rest of the domain, the fins, and the MF-PCM domain were discretized by triangular
elements.

The simulations were executed for both the melting and solidification process, and the computational time for a full melting/
solidification is reported in Table 2. The MVF during the phase change is plotted in Fig. 4. As can be seen, an increase in mesh size
significantly increases the required computational time. An extra fine mesh with a total number of 184,495 demands 23724s
computational time, while a normal mesh with 17318 elements requires only 1578s of computational time. Thus, increasing the mesh
size by 10.65 times increases the computational time by 15 times for the melting process and about 16 times for the solidification
process. Here, to keep the solution accuracy high, the mesh size of the extra fine was adopted for the rest of the simulations. A view of
the adopted mesh and solution domain is illustrated in Fig. 5.

3.3. Model verification

The model correctness was verified by a comprehensive comparison between the results obtained in the current study and the
empirical observations conducted by Zheng et al. [34] to assess the reliability and accuracy of the developed model and computations.
The authors conducted a practical experiment focusing on the melting behavior of paraffin wax within a square enclosure filled with
copper metal foam. The dimensions of the enclosure were set at 0.1 m in width and height. The paraffin wax was initially solid and
maintained at a temperature of 14 °C. The left side of the enclosure was subjected to an electrical heater, generating a heat flux of 1150
W/m?. This heat was stored by the MF and PCM within the cavity, causing a temperature rise until the PCM reached its phase transition
point (Tf = 55.3 °C). The metal foam had a porosity of ¢ = 0.95, with a PPI (pores per inch) value of 5.

Fig. 6 portrays a detailed comparison between the simulation results obtained in this study and the empirical data [54]The
agreement between the two sets of findings can be evaluated and validated by examining various aspects and parameters.
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Fig. 4. MVF during the melting and solidification process for various meshes.
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Fig. 6. Verifying the heat transfer phenomenon during the melting process within an enclosure filled with a composite material consisting of PCM-MF with a porosity
of 0.95. The current simulations (a) were compared with (b) the experimental observations documented in Ref. [54] with permission from Elsevier.

Furthermore, the temperatures were monitored and recorded at the heated wall of the enclosure. Fig. 7 presents a comprehensive
analysis, showcasing the temporal progression of the measured temperatures reported in Ref. [54], in comparison with the calculated
temperatures derived from the current study. The results demonstrate a strong concurrence and consistency between the findings of
this research and the empirical data [54], affirming the accuracy and validity of the current model and simulations.
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Fig. 7. Showcase of the temperature of the hot wall as observed in the melting process, as documented by Ref. [54], contrasted with the simulated outcomes attained
through the current research endeavor.

4. Results and discussions

The impact of the length of the metal foam insert on the melting and solidification process has been addressed. The filled volume
fraction ratio of the HTF (0.05<VRyr < 0.70) tube was considered as the control parameter. The same geometrical parameters as the
mesh study were adopted. However, the length of MF inserts changes as VRyr changes.

It is clear that the increase of VRyr raises the amount of MF inserts inside the HTF tube and consequently increases the tube’s flow
resistance and drops the flow rate for constant inlet pressure. Fig. 8 (a) illustrates the relationship between the required pump power
and the inlet pressure, while Fig. 8 (b) depicts the correlation between the flow rate and the inlet pressure. The dashed lines in Fig. 8 (a)
represent two chosen cases of pumping powers: 3, 6, 9, and 12 (mW). The correlated inlet pressure can be deduced using the consistent
pumping power lines. The inlet pressures corresponding to the chosen pumping powers are presented in Table 5.

The observations show that an increase in VRyr results in a reduced flow rate and a heightened inlet pressure requirement. This can
be attributed to the fact that a higher VRyr means a larger portion of the HTF tube is occupied by the MF insert, thus posing a greater
fluid flow resistance. Consequently, a higher pressure at the inlet becomes necessary to generate an increased flow rate. For larger
VRyr values, where the inlet pressure is high, the overall flow rate tends to decrease to sustain the constant pump power. Additionally,
the corresponding Reynolds number of HTF flow for each case is detailed in Table 5. Besides, the computed time for 95 % melting, time
for 95 % solidification, power at 95 % melting, and power at 95 % solidification are also reported in the table.

Starting with pump power, it is incremented in sets of 3(mW) from 3(mW) to 12(mW) for each batch of six cases. The pump power,
being the primary source of energy in the system, has a significant effect on other variables. Increasing pump power results in higher
inlet pressure and flow rate, meaning the pump can move more fluid through the system. For instance, when the pump power increased
from 3(mW) (case 1) to 12(mW) (Case 19), inlet pressure and flow rate increased substantially from 256.4Pa to 11.7 mL3/s to 594.4Pa
and 20.2 mL3/s respectively.

The volume ratio of the metal foam, VR, also varies, starting from 0.05 and incrementing to 0.7 for each power setting. As the
VRyr increases, the flow rate generally decreases due to increased resistance to flow at a higher amount of MF. The Reynolds number is
about 2000 or smaller for all cases, ensuring a laminar fluid flow in the HTF tube.

Their behavior does not exhibit a precise monotonic pattern regarding the melting and solidification times. Therefore, to better
visualize the data, the results from Table 5 are presented graphically in Figs. 9 and 10, focusing on the two parameters: VR and Ppymp.
Fig. 11 illustrates the analysis of melting and solidification times, while Fig. 12 depicts the melting and solidification powers.

When utilizing MF inserts with a VR value of 0.05, the solidification process takes approximately 34 min (Case 1) at a pumping
power of 3 (mW). In contrast, employing a VRMF value of 0.25 necessitates around 39 min (Case 3) for the same pumping power.
Consequently, employing only 5 % (VRMF = 0.05) MF inserts yields a substantial reduction of approximately 13 % in solidification
time compared to a scenario utilizing 25 % (VRyr = 0.25) MF inserts.

Fig. 9 reveals that increasing the amount of inserted MF in the HTF tube, denoted as VRy, initially leads to longer melting and
solidification until reaching a turning point at approximately VRyr = 0.25. Beyond this point, the melting and solidification times
gradually decrease. For instance, at a pumping power of Ppymp = 6 (mW), the melting time increases from 33 min in Case 7 (VRyr =
0.05) to 36 min in Case 9 (VRyr = 0.25) and then gradually decreases to 34 min in Case 12 (VRyr = 0.7). This trend is observed
consistently across all pumping powers.

The fundamental cause is linked to the fluid flow rate in the HTF tube, which is constrained by the available pumping power. Two
significant heat transfer mechanisms compete in the system: conduction heat transfer facilitated by the presence of MF inserts, which
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Fig. 8. Illustrates the effect of inlet HTF (heat transfer fluid) pressure on (a) pump power and (b) the corresponding flow rate. These graphs are crucial for analyzing
the hydrodynamic behavior of HTF within the tube. The dashed lines in the pump power graph indicate the levels of constant pumping power examined in this study.
The horizontal axis represents the inlet pressure, correlating the flow rate and pump power for each percentage of metal foam (MF) insert filling.

enhances the effective thermal conductivity and directs heat transfer from the HTF side to the MF-PCM domain, and convection heat
transfer weakened by the reduced flow rate in the HTF side due to the presence of MF inserts. The reduction in flow rate diminishes
convection heat transfer, resulting in decreased heat transfer from the HTF side to the MF-PCM side. Therefore, Fig. 9 displays local
turning points in the graphs where each mechanism provides favorable heat transfer effects.

The melting and solidification powers exhibit a maximum at a low volume of metal inserts (VRyr = 0.05) and a high volume of
metal inserts (VRyr = 0.7), with a decline in power between these values. This behavior is influenced by the observed charging and
discharging times in Fig. 11, which follow a similar physical trend.

For instance, in the 3(mW) power group, power at 95 % melting shows a decrease from 159.91W (Case 1) to 144.52W (Case 4) as
VRyr increases and then a subsequent increase as VRyr continues to rise, for instance, its increases to 148.90 W for case 7 (VR = 0.7).
This could suggest an optimal VRyr for energy efficiency during the melting process.

Fig. 11 presents the melting and solidification time history for the optimal cases (VRyr = 0.05 and VRyr = 0.7) and the worst case
(VRyr = 0.25), selected based on the observed trends in Figs. 9 and 10. The results are plotted for various pumping powers and show
that the increase in the pumping power leads to an accelerated phase change process, primarily due to enhanced convective heat
transfer in the HTF tube. The curves also highlight a noticeable distinction between a low pumping power of 3 (mW) and a higher
power of Ppymp>6 (mW). A further increase in pumping power improves the heat transfer rate slightly. Furthermore, increasing the
pumping power can be highly advantageous in the case of VRyr = 0.7, as the flow rate is already low due to the high resistance caused
by a significant amount of MF inserts, and there is still room for further enhancement of convective heat transfer. On the other hand,
the potential for improvement through increased pumping power is minimal for the low volume of MF insert (VRyr = 0.05).
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List of VRyr, corresponding computed inlet pressures for fixed pump powers, and the melting and solidification times.

Case  Control parameters Computed HTF flow characteristics Computed heat transfer characteristics
Pump VRyr  Inlet Flow rate Re Time for 95 % Time for 95 % Power at 95 % Power at 95 %
power pressure (mL3/s) melting (min) solidification (min) melting (W) solidification (W)
(mW) (Pa)
1 3 0.05 256.4 11.7 1159.7 35 34 159.91 155.94
2 3 0.1 337.6 8.9 880.6 37 38 152.78 143.19
3 3 0.25 493.9 6.1 602 39 39 145.16 142.29
4 3 0.4 604.3 5 492 39 38 144.52 146.24
5 3 0.55 694.6 4.3 428.1 39 38 146.48 147.24
6 3 0.7 772.6 3.9 384.8 38 38 148.90 147.56
7 6 0.05 389 15.4 1528.5 33 32 169.87 169.39
8 6 0.1 508.9 11.8 1168.4 34 34 163.48 163.05
9 6 0.25 737 8.1 806.9 36 35 157.60 156.32
10 6 0.4 896.8 6.7 663 36 35 158.70 157.28
11 6 0.55 1026.9 5.8 579.1 35 34 162.79 162.28
12 6 0.7 1139.1 5.3 522 34 33 168.14 166.60
13 9 0.05 498.1 18.1 1790.6 32 31 175.39 175.56
14 9 0.1 649.3 139 1373.7 35 34 161.38 160.64
15 9 0.25 934.9 9.6 954 34 34 164.31 163.02
16 9 0.4 1134.1 7.9 786.5 34 34 166.25 165.49
17 9 0.55 1295.7 6.9 688.4 33 33 170.39 169.70
18 9 0.7 1435 6.3 621.6 32 31 178.02 177.59
19 12 0.05 594.4 20.2 2000.6 31 30 179.17 179.39
20 12 0.1 773 15.5 1538.6 32 32 173.30 173.29
21 12 0.25 1108.7 10.8 1072.7 33 33 168.86 168.66
22 12 0.4 1341.9 8.9 886.2 33 32 171.33 171.65
23 12 0.55 1530.7 7.8 776.9 32 31 177.13 176.87
24 12 0.7 1693.3 7.1 702.3 31 30 184.51 184.28
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Fig. 9. The effects of VRyr and Ppymp (pumping power) on (a) the melting time (95 % melt, i.e., MVF = 0.95), and (b) the solidification time (95 % solidification, i.e.,
MVF = 0.05).

The graphical representations in Figs. 12 and 13 offer detailed insight into the phase change interface, streamlines, velocity
contours, and temperature fields for the melting and solidification processes. Fig. 12 explicitly illustrates the outcomes obtained for
Case 19, representing an exemplary design. In contrast, Fig. 13 showcases the results corresponding to Case 21, which can be classified
as the least favorable scenario, with a fixed pumping power of Ppymp = 12 (mW).

During the melting process, as shown in Fig. 12, the melting initiates at the tube wall and gradually progresses toward the inner
region of the domain. The fins play a crucial role in rapidly melting the PCM around them. As a result, in the early times of the 300s, the
area surrounding the fins was entirely molten. Subsequently, the melting interface advances towards the right tube at t = 600s and t =
1200s. By the 1800s, most of the PCM domain had transformed into a molten state, with only small regions remaining solid in the top
and bottom right corners. Examining the velocity magnitudes reveals that the solid regions exhibit zero velocities, while the molten
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Fig. 11. Impact of metal foam volume ratio (VRyr) on the MVF during the melting and solidification process.
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Fig. 12. A comprehensive visualization of the phase change process for Case 19 with Ppypp = 12 (mW) and VRyr = 0.05 during the melting and solidification,
showcasing an exemplary design. The temperature is reported in the temperature difference between the lowest temperature (Tc) and the field temperature T in the
form of T-Tc.

regions adjacent to the tube wall experience relatively low velocities. This observation aligns with the notable temperature gradients
and most heat transfer occurring in these regions.

The streamlines, consistent with the velocity maps, illustrate local circulations between the fins. Isotherm plots highlight hot spots
in the fins at all stages of heat transfer, indicating effective heat transfer from the HTF side to the fins. This effectiveness is attributed to
MF inserts, which facilitate heat channeling from the HTF fluid toward the base of the fins. Analyzing the velocities on the HTF side
reveals that the MF inserts contribute to achieving uniform velocities across most sections of the HTF tube. A uniform velocity profile
significantly enhances convection heat transfer over tube walls, surpassing the capabilities of a velocity profile characterized by a
boundary layer shape. Consequently, the MF inserts prove to be advantageous from this perspective.

Upon examining the solidification images, it becomes evident that the solidification process follows a pattern reverse to that of
melting. Solidification initiates at the tube wall and around the fins, gradually progressing toward the PCM domain. A fundamental
difference arises in flow circulations and streamlines, occurring inside the domain while the regions around the fins solidify. This
distinction establishes a significant disparity in free convection between the melting and solidification processes. Examining the
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Fig. 13. The outcomes for Case 21 illustrate the least favorable scenario under Ppymp = 12 (mW) and VRyr = 0.25 during the melting and solidification. The
temperature is reported in the temperature difference between the lowest temperature (Tc) and the field temperature T in the form of T-Tc.

velocities during solidification indicates their significance primarily in the early stages, where significant temperature gradients and
ample molten PCM in the right regions of the PCM domain facilitate significant velocities. As solidification progresses, layers of so-
lidified PCM form over the HTF tube and fins, acting as insulating barriers that impede heat transfer flow.

Additionally, the availability of molten PCM, essential for natural convection, diminishes. Consequently, the strength of natural
convection flows notably reduces as solidification progresses. Temperature profiles at the early stages of solidification (t = 300s) reveal
a few mid-temperature spots in the fins, indicating that heat transfer from the PCM domain is comparable to heat transfer at the HTF
side. However, as solidification advances, free convection and conduction mechanisms weaken, causing the fins’ temperature to
approach that of the HTF fluid. This leads to a decrease in the significance of heat transfer enhancement at the HTF side. As a result, the
solidification profiles, as depicted in Fig. 13, become nearly identical during the final stages of the solidification process,

Fig. 13 exhibits a similar trend to the results shown in Fig. 12. However, there are differences in melting interface locations and the
strength of convection heat transfer flows. Examining the temperature maps in Fig. 13 during melting reveals yellow spots in the early
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stages, indicating that heat transfer mechanisms at the HTF side are not as strong as those observed in Case 19. This low heat transfer
can be attributed to a small HTF fluid flow rate caused by the MF insert’s high resistance, despite a constant pumping power. By the
1800s, the fins reach a temperature similar to that of the HTF fluid, highlighting the dominant effect of heat transfer at the HTF side. At
this stage, MF inserts and heat transfer at the HTF side become less critical. The solidification process in Case 21 exhibits similar
features to those observed in Case 19. However, due to the weaker heat transfer rate at the HTF side, the natural convection effects and
velocities within the PCM domain are also reduced.

5. Conclusions

The phase transition heat transfer during the melting and solidification processes of PCMs in a shell-tube thermal energy storage
unit was the subject of this investigation. The research focused on enhancing heat transfer on the HTF side by placing MF inserts within
the HTF tube. Moreover, heat transfer on the PCM side was augmented by a combination of MFs and fins. To accurately model the
transient heat transfer in the MF domains, a two-temperature local thermal non-equilibrium model was applied, and the FEM was
utilized to solve the governing equations for fluid flow and heat transfer. The key findings of the research can be summarized as
follows:

The results underscore a critical balance between the volume of MF and the system’s overall performance. Introducing a mere 5 %
MF volume notably improved phase transition efficiency, cutting solidification times by approximately 13 % compared to systems with
a 25 % MF volume. This finding demonstrates that even a small, well-engineered MF configuration can notably decrease phase
transition times, thereby improving energy storage capability and efficiency.

Furthermore, the study explored how the length of MF inserts within the HTF tube affects system performance, with a specific focus
on the filled volume fraction ratio as a key control parameter. An increase in this ratio was found to lower the flow rate, caused by
increased resistance within the tube. This, in turn, required a higher inlet pressure to achieve adequate flow rates.

A distinct trend emerged in relation to the quantity of MF utilized: as the MF volume increased, it initially resulted in longer melting
and solidification durations until hitting a critical volume fraction ratio of 0.25. After surpassing this threshold, these durations began
to shorten, closely linked to the fluid flow rate constrained by the accessible pumping power.

Additionally, the analysis revealed a particular pattern in melting and solidification powers, which peaked at both low and high
volumes of metal inserts. The decline in power between these extremes aligns with the trends seen in charging and discharging times,
highlighting the complex interplay between the volume of metal foam, flow resistance, and thermal efficiency.

The practical implementation of these findings in building applications offers significant potential for enhancing thermal man-
agement. By optimizing the placement and volume of MF inserts within the HTF tubes of shell-tube thermal energy storage units,
buildings can achieve more efficient heat storage, reducing energy consumption and increasing overall sustainability in heating and
cooling systems.
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