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A B S T R A C T

This paper presents a theoretical–numerical investigation of melting–solidification cycles in a horizontal latent 
thermal energy storage (LTES) system enhanced by metallic fins and natural convection. The storage is made of a 
double rectangular cavity filled with octadecane, separated by a central heat transfer fluid channel. Four fin 
arrangements are analyzed: no fins, fins in the upper cavity, fins in the lower cavity, fins in both cavities. The 
finite element numerical model is based on the apparent heat capacity method for phase change, accounting for 
conduction–convection interactions.

The results highlight that melting is dominated by natural convection in the upper cavity and conduction in 
the lower one, while solidification remains largely conduction-controlled, emphasizing the strong asymmetry 
between melting and solidification driven by buoyancy effects. Adding metallic fins significantly enhances the 
phase change processes; yet their effectiveness strongly depends on their location. Fins in the upper cavity 
accelerate local melting but do not reduce the total cycle time, because it is governed by the lower cavity. 
Conversely, fins in the lower cavity substantially improve overall performance by accelerating the limiting phase 
change process. The configuration with fins in both cavities yields the shortest cycle time.

A comparison between full-cycle and partial-cycle strategies shows that early switching between melting and 
solidification significantly reduces the cycle duration but comes with a reduction in total heat exchanged. The 
presented outcomes provide physical insight into the impact of fins placement and operating strategies, offering 
guidelines to design more efficient and cost-effective LTES systems.

1. Introduction

The continuously growing energy demand has made the need for 
efficient energy storages one of the most pressing challenges. Many re
searchers actively developed methods to reduce energy consumption 
and enhance the energy efficiency of HVAC (Heating, Ventilation and 
Air Conditioning) systems. In particular, Latent Thermal Energy Storage 
(LTES) systems have attracted significant attention due to their ability to 
store and release large quantities of thermal energy thanks to the latent 
heat of fusion of appropriate Phase Change Materials (PCMs) [1]. 
Despite this, the low thermal conductivity of PCMs slows down both the 
melting and solidification processes in this type of system. Conse
quently, several strategies are proposed in the literature to enhance the 
thermal conductivity of PCMs, ensuring the fast distribution of heat from 

the heat transfer fluid within the phase change material. In particular, 
solutions offer the incorporation of metallic fins [2,3] the use of metal 
foams [4,5], the addition of nanoparticles [6], design modifications 
[7–9], and the introduction of rotational effects [10].

Due to its simplicity, cost-effectiveness, and efficiency, the strategy 
of adding fins has been widely employed. For instance, Shen et al. [11]
numerically analyzed the effect of fin angle, fin length, and fin number 
on heat radiation during the charging process of a shell and tube LTES 
unit. Their results showed that the increase in the fin number or fin 
length reduces the role of thermal radiation. In addition, the melting rate 
is enhanced by reducing the fin angle, extending the fin length, or 
increasing the fin number. Also Kim et al. [12] analyzed a shell and tube 
LTES featuring different designs and found that the finned multitube 
configuration improves temperature uniformity and reduces the melting 
and solidification times by about 90% compared to single tube design. 

Abbreviations: HTF, Heat Transfer Fluid; HVAC, Heating, Ventilation and Air Conditioning; LTES, Latent Thermal Energy Storage; PCM, Phase Change Material; 
RMSD, Root Mean Square Deviation.
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Srivastava and Rekha Sahoo [13] performed a computational study on a 
PCM melting in a triple-tube thermal energy storage, where a segmented 
multi-PCM system fills the intermediate annulus. The authors showed 
that longitudinal fins enhance convective melting and decrease by about 
20% the total melting time compared to radial fins. Ren et al. [14]
proposed an irregular snowflake-shaped fin structure to improve the 
melting performance of a horizontal LTES unit. The results revealed that 
this innovative fin structure reduces the melting time by 45.92%. Arshad 
[15] conducted a parametric study on a PCM-based tree-shaped finned 
heat sink and evaluated the phase change time and heat transfer 
mechanisms involved. The obtained results show that both the height of 
the tree-shaped fins and the number of branches or twigs strongly in
fluence the heat transfer rate, for a constant volume fraction. Amer et al. 
[16] studied the effectiveness of hook-shaped fins in comparison to 
traditional straight fins, showing that the proposed design considerably 
improves the thermal response of the system, reducing charging times 
by up to 58.6%. Xiao et al. [17] investigated the design of a rectangular 
finned LTES unit with multiple cavities, demonstrating how the multi- 
cavity fin improves heat transfer thanks to the networked conductive 
paths, despite natural convection suppression.

Numerous studies have analyzed the melting and solidification 
processes of PCMs in several encapsulation geometries, including 
spheres [18] and rectangular enclosures [19]. In particular, Ge et al. 
[20] analyzed the performance improvement achievable by adding fins 
in spherical capsules containing a PCM. Their experimental results 
confirmed that increasing the number of fins enhances the thermal 
storage and release capacities by up to 151.1% compared to the no-fin 
case. The authors also showed that the efficiency of the fins is up to 
25% higher in the thermal discharge process than in the charging 
process.

Three-dimensional numerical simulations were conducted by Liu 
et al. [21] to investigate the influence of the addition of longitudinal fins 
near the bottom of a rectangular enclosure filled with the PCM RT42 and 
heated from one side. The authors stated that adding longitudinal fins at 
the bottom of the cavity improves the temperature uniformity and fa
cilitates natural convection. Moreover, greater fin thickness reduces the 
melting rate and further enhances buoyancy convection, leading to a 
more significant performance improvement compared to the baseline 
case.

The thermal storage shape and orientation also play an important 
role in the optimization of the system performance. In an experimental 
study conducted by Lu et al. [22], the effect of shell shape on the 
charging and discharging performance of a vertical LTES unit was 
investigated. The authors designed and fabricated a cylindrical and two 
conical vertical LTES units. The results demonstrated that the conical 
units reduce the entire melting/solidification time by up to 29.94%, and 
the time-averaged heat transfer rate increases by up to 41.24% 
compared to the cylindrical unit. Medjahed et al. [23] conducted an 
experimental study to evaluate the thermal performance of a small-scale 
LTES using beeswax as the PCM within a horizontal shell and tube heat 
exchanger. Their findings showed that the discharging duration is 
considerably longer than the charging time, due to the gradual forma
tion of a solid PCM layer around the outer surface of the heat exchanger 
during the discharge procedure. Among the various LTES designs, the 
choice between vertical and horizontal configurations is influenced by 
several design constraints and technical issues [24–26].

The literature analysis evidences the benefits of fins inclusion on the 
thermal performance of LTES systems. However, a comprehensive study 
on the effects of fins positioning within horizontal latent thermal energy 
storages and on the corresponding heat transfer mechanisms involved in 
both the PCM melting and solidification processes is still missing to the 
authors' knowledge.

In this study, a horizontal LTES system consisting of a double rect
angular cavity filled with PCM and heated/cooled from the center is 
analyzed. Numerical simulations are conducted to investigate the heat 
transfer phenomena during the PCM melting and solidification. The 
addition of metallic fins in the upper, lower, or both cavities is consid
ered in order to evaluate the impact of metallic inclusions on the effi
ciency of the energy stored and released. Different melting and 
solidification cycles are considered to investigate the influence of the 
fins location on the time needed to complete the phase change process 
and on the thermal energy accumulated/delivered by the system. The 
presented findings can represent helpful guidance to support the design 
of new efficient and cost-effective latent thermal energy storage systems.

2. Case study

The horizontal latent thermal energy storage considered is composed 

Nomenclature

cp Specific heat capacity at constant pressure, J/(kg K)
g→ Gravitational acceleration vector, m/s2

H Storage tank height, m
h Height of the heat transfer fluid channel, m
hf Fins height, m
k Thermal conductivity, W/(m K)
L Storage tank length, m
Lf Latent heat of fusion, J/kg
p Pressure, Pa
Q Heat, J
Re Reynolds number
T Temperature, K
t Time, s
tf Fins thickness, m
V Volume, m3

v→ Velocity vector, m/s
W Storage tank width, m

Greek letters
β Thermal expansion coefficient, 1/K
δ Melt layer thickness

θ Liquid fraction
μ Dynamic viscosity, Pa s
ρ Density, kg/m3

Superscripts
– Average
* Non-dimensional

Subscripts
C Cold
c Copper
ex Exchanged
f Fins
fr Fraction
H Hot
h Higher
L Latent
l Lower
m Modified
pc Phase change
S Sensible
TOT Total
trans Transition
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of a double cavity, filled with a PCM, either with or without a certain 
number of metallic fins. The storage tank is parallelepipedal and the 
heat transfer fluid flows from one side to the opposite one through a thin 
horizontal plenum that separates completely the system into upper and 
lower cavities of rectangular cross sections. It is next assumed that the 
third dimension is long enough to consider a two-dimensional problem, 
as shown in Fig. 1. The studied configurations are: i) bare storage tank 
(Fig. 1a); ii) storage tank with fins in the upper cavity only (Fig. 1b); iii) 
storage tank with fins in the lower cavity only (Fig. 1c); iv) storage tank 
with fins in both cavities (Fig. 1d).

In each configuration, heat is being exchanged between the heat 
transfer fluid placed in the horizontal channel between the two cavities 
and the PCM, subjected to phase change. The following cycles are 
considered: i) total melting and total solidification, namely melting 
takes place until the entire volume of the storage tank is fully melted, 
followed by solidification of the entire storage tank volume; ii) single 
cavity-melting and single cavity-solidification, namely melting occurs 
until one of the two cavities completes the phase change, then solidifi
cation follows until one of the two cavities completes the phase change.

In order to compare the effect of the different fins configurations on 
the system efficiency, results of each studied case are presented in terms 
of heat transfer mechanisms (i.e., conduction or convection), average 
liquid fraction evolution, time needed to complete the phase change, 
and total thermal energy exchanged.

3. Numerical strategy

3.1. Geometry, materials and governing equations

The storage unit is a parallelepiped of length L, width W and height H 
(see Fig. 1). As mentioned, the width W is such that W ≫ L and W ≫ H, 
justifying the two-dimensional assumption taken in this work. At mid- 
height a thin channel of height h and width W allows the heat transfer 
fluid to flow along the distance L and exchange heat with the phase 
change material (PCM) that fills the storage tank. It is considered that 
the temperature of the heat transfer fluid remains at a constant and 
uniform value during the melting (TH) and solidification (TC) processes. 
A validation of this assumption is reported in Appendix A. All the walls 
of the storage unit are insulated. Several cases are considered. First, the 
tank is entirely filled with PCM. Then metallic fins of height hf, thickness 
tf and width W are added, either in the top section of the storage unit, or 
in the bottom part, or in both. The fins are connected to the channel 
where the heat transfer fluid flows. The other end is not in contact with 
the tank wall 

(
hf < (H − h)/2

)
, allowing PCM circulation when in liquid 

state, because the aim is not to transfer heat from the central channel to 
the tank walls, but to store and release thermal energy through PCM 
melting and solidification [27]. There are six fins per side, separated by 
the same distance in each case. The selected fin configuration provides 
sufficient heat transfer enhancement in the PCM without excessively 
reducing the PCM volume or significantly hindering the convective cells 
that occur during PCM melting [27]. The change in PCM volume is from 
0.00780 m3 (0 fins) to 0.00752 m3 (12 fins) with the numerical values 
here considered. Accordingly, the volume fraction Vfr, namely the ratio 
between the fins' volume and the total volume of the cavities, ranges 
from 0 (0 fins) to 0.0359 (12 fins).

The problem is described by the mass, momentum and energy con
servation equations given below: 

∇⋅ v→= 0 (1) 

ρ ∂ v→

∂t
+ ρ( v→⋅∇) v→= − ∇p+ μ∇2 v→+ ρ g→− θρβ

(
T − Tpc,l

)
g→ (2) 

∂T
∂t

+( v→⋅∇)T =
k

ρcp,m
∇2T (3) 

where v→ is the velocity vector, ρ is the PCM density, t is the time, p is the 
pressure, μ is the PCM dynamic viscosity, g→ is the gravitational accel
eration vector, θ is the PCM local liquid fraction, β is the PCM thermal 
expansion coefficient, T is the temperature, Tpc,l is the lower limit of the 
PCM phase change temperature range, cp,m is the modified specific heat 
capacity, and k is the PCM thermal conductivity.

In order to model the PCM phase change, the apparent heat capacity 
formulation is adopted [27,28]. The values of density, thermal con
ductivity and specific heat capacity of the PCM considered in this work 
do not change between solid phase and liquid phase as explained in 
previous studies [27,29,30]. The apparent heat capacity formulation 
requires the modified specific heat capacity cp,m in the energy conser
vation equation: 

cp,m = cp if T < Tpc,l (solid phase) or T > Tpc,h(liquid phase) (4) 

cp,m = cp +
Lf

Tpc,h − Tpc,l
if Tpc,l < T < Tpc,h (mushy region) (5) 

where cp is the PCM specific heat capacity, Tpc,h is the higher limit of the 
PCM phase change temperature range, and Lf is the PCM latent heat of 
fusion.

The PCM local liquid fraction θ is a dimensionless parameter that 

Fig. 1. Investigated geometries of the storage tank: a) no fins; b) fins in the upper cavity; c) fins in the lower cavity; d) fins in both cavities.
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evaluates the PCM phase [31]: 

θ = 0 if T < Tpc,l (solid phase) (6) 

θ = 1 if T > Tpc,h (liquid phase) (7) 

θ =
T − Tpc,l

Tpc,h − Tpc,l
if Tpc,l < T < Tpc,h (mushy region) (8) 

If the storage tank includes metallic fins (cases of Fig. 1b–d), con
duction is the mechanism for heat transfer along the fins, and the energy 
conservation equation is: 

∂T
∂t

=
kf

ρf cp,f
∇2T (9) 

where kf, ρf and cp,f are the fins thermal conductivity, density and spe
cific heat capacity, respectively.

The initial condition is given by: 

T(x, y,0) = Tpc,l (10) 

v→(x, y, 0) = 0 (11) 

The boundary conditions are: 

∂T
∂x

⃒
⃒
⃒
⃒
x=0

=
∂T
∂x

⃒
⃒
⃒
⃒
x=L

=
∂T
∂y

⃒
⃒
⃒
⃒
y=0

=
∂T
∂y

⃒
⃒
⃒
⃒
y=H

= 0 (12) 

T
(

x,
H − h

2
, t
)

= T
(

x,
H + h

2
, t
)

= TH for melting process (13) 

T
(

x,
H − h

2
, t
)

= T
(

x,
H + h

2
, t
)

= TC for solidification process (14) 

v→(0, y, t) = v→(L, y, t) = v→(x,0, t) = v→(x,H, t) = 0 (15) 

Numerical simulations were performed with a finite element soft
ware [32] by considering the geometrical dimensions reported in 
Table 1. Octadecane is selected as PCM, fins are made of aluminum, and 
the heat transfer fluid channel is made of copper (material properties are 
shown in Table 2). The heat transfer fluid is at a constant temperature 
TH = 320 K during the melting process and TC = 286 K during the so
lidification process.

3.2. Mesh sensibility analysis

An unstructured triangular mesh, with finer elements near the walls, 
was chosen to discretize the computational domain. The independence 
of the results from the grid was tested by selecting three different mesh 
sizes, for the cases with no fins, fins in the lower cavity, and fins in both 
cavities, and by comparing the values of the liquid fraction θ, averaged 
over the domain, as a function of time. The θ maximum absolute error 
and root mean square deviation are reported in Table 3. The analysis of 
the results indicates that the second mesh exhibits good performance for 
each considered domain, leading to selecting it.

Simulations were run with an absolute tolerance factor of 0.1 and a 
relative tolerance of 0.01. The computational time step was automati
cally refined, and the results were recorded every second. A simulation 
of 26,000 s required about 7 h on a PC with Intel Core i7-6700K, 4.0 

GHz, 64 GB RAM.

3.3. Validation of the model

The model validation was presented in our previous work [27] by 
comparing our results with those published by Guo et al. [33] and by 
Biwole et al. [34]. For a more comprehensive analysis, here we also 
compare our outcomes with those by Kiyak et al. [35], who studied the 
melting and solidification processes of a PCM filling an energy storage 
unit with different geometries and with different heater/cooler posi
tions. For the sake of comparison, we selected the case of a square energy 
storage unit with melting/solidification from the bottom and adiabatic 
lateral and top walls.

Fig. 2 shows the average melting fraction θ as a function of time, 
obtained with our model and by [35]. The initial increasing trend of θ 
from t = 0 s to t = 300 s refers to the melting process, whilst the sub
sequent decreasing trend from t = 300 s to t = 600 s refers to the so
lidification process.

The agreement between our results and those by [35] is good: the 
maximum absolute error in the values of θ is 0.05672 and the root mean 
square deviation is 0.01542, allowing to consider our model as 
validated.

4. Results and analysis

4.1. Total melting and total solidification

The complete cycle made of the full melting of the container followed 
by its full solidification is presented in Fig. 3 in terms of average melting 
fraction.

Table 1 
Geometric parameters of the storage tank.

Parameter Dimensions [cm]

Storage tank length, L 13.0
Storage tank height, H 6.5
Heat transfer fluid channel height, h 0.5
Fins height, hf 2.8
Fins thickness, tf 0.1

Table 2 
Materials thermophysical properties.

PCM: octadecane [29]

Phase change temperature range, Tpc,l – Tpc,h [K] 303–304
Thermal conductivity, k [W/(m K)] 0.2
Latent heat of fusion, Lf [kJ/kg] 125
Density, ρ [kg/m3] 800
Specific heat capacity at constant pressure, cp [kJ/(kg K)] 1.25
Dynamic viscosity, μ [Pa s] 0.008
Thermal expansion coefficient, β [1/K] 0.002

Fins: aluminum
Thermal conductivity, kf [W/(m K)] 237
Density, ρf [kg/m3] 2700
Specific heat capacity at constant pressure, cp,f [kJ/(kg K)] 0.897

Heat transfer fluid channel: copper
Thermal conductivity, kc [W/(m K)] 390
Density, ρc [kg/m3] 8920
Specific heat capacity at constant pressure, cp,c [kJ/(kg K)] 0.385

Table 3 
Maximum absolute error and root mean square deviation for the average liquid 
fraction with different grids.

Mesh N. of 
elements

θ maximum 
absolute error

θ root mean square 
deviation

No fins 1 8182 0.06268 0.02723
2 17,068 0.01635 0.00398
3 17,562 – –

Fins in the 
lower cavity

1 9924 0.05098 0.03488
2 24,791 0.01498 0.00501
3 25,061 – –

Fins in both 
cavities

1 15,794 0.07482 0.02745
2 32,562 0.00960 0.00384
3 32,898 – –
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While the shortest cycle time is obtained as expected when fins are 
added in the upper and lower cavities, Fig. 3 shows that adding fins in 
the upper cavity only does not allow to shorten the melting- 
solidification cycle duration. The changes in slope for a given configu
ration are dictated by the presence of fins and their impact changes 
depending on their location in the storage system.

A closer look into each configuration is presented in Figs. 4–8.
In Fig. 4, the melting of the storage tank without any fin is charac

terized by two different slopes. From t = 0 s to t = 2900 s, the PCM melts 
in both cavities but the melting mode differs between them as the PCM 
in the upper cavity melts quickly by convection, while in the lower 
cavity PCM melts by conduction heat transfer. Indeed, conducting a 
scale analysis of the melting front propagation [27], we showed previ
ously that after heat is initially transferred by conduction between a 
bottom heated cavity and PCM, convection becomes the dominant heat 
transfer mode when time exceeds the transition value ttrans, defined as 

ttrans ∼ 100
(

kΔT
ρLf

)− 1(gβΔT
να

)− 2/3

(16) 

where ttrans is the transition time between conduction and convection 
heat transfers, and ΔT is the temperature difference between the heat 

transfer fluid and the lower limit of the melting temperature range.
The corresponding melt layer thickness is 

δtrans ∼ 10
(

gβΔT
να

)− 1/3

(17) 

Fig. 5 shows the evolution of the computed melting front in time and 
the predicted transition location. Before transition, the melting front 
progresses upward as t1/2, characteristic of a diffusion process (con
duction heat transfer). As time increases, conduction is not sufficient to 
convey the heat from the bottom to the rest of the cavity and convection 
takes over, leading to the linear variation of the melting front with time. 
Note the good prediction of the transition obtained with scale analysis.

In Fig. 4, the change in slope during melting occurs when the top 
cavity is entirely filled with liquid. At this time, the melting fraction is 1 
in the top half of the bottom cavity, the lower half being still solid. The 
PCM continues to melt, but at a much lower pace because the only heat 
transfer mode is conduction as the heat transfer fluid channel is located 
at the top of the cavity.

Once all the PCM is in liquid state, the temperature of the heat 
transfer fluid in the central channel is suddenly brought to TC = constant 
and the entire cavity starts solidifying. Fig. 6 shows the temperature 
distribution at the end of melting (right before setting the heat transfer 
fluid at TC), at an intermediary time and at the end of the complete 
solidification process. At the end of melting, most of the top cavity is at 
the heat transfer fluid temperature, way beyond the PCM melting tem
perature, indicative of sensible heating. The PCM in the bottom cavity is 
at its melting temperature as heat exchange was through latent heat. 
This is why the initial conditions of solidification are different between 
the two cavities. Nevertheless, at approximately half of the total solid
ification time, a quasi-symmetrical behavior is observed. It is considered 
that solidification is complete as soon as the melting fraction becomes 
null in both cavities. This choice prevents the PCM temperature to get 
back to the initial condition (lower temperature value of the melting 
range) throughout the entire cavity. The time to solidify the PCM in the 
upper cavity is 14,019 s and it takes 13,501 s to solidify the PCM in the 
bottom one, which makes a difference between the two of about 4%.

We show in Fig. 7 the results obtained with fins in the upper cavity. 
The first melting sequence ends faster than in the previous configura
tion, at t = 890 s, thanks to the presence of the fins. A few seconds before 
the PCM in this upper cavity melts entirely, we note what we called in 
previous work [27] the presence of solid drops: each portion of PCM 

Fig. 2. Average melting fraction as a function of time, results by the present 
work and by [35].

Fig. 3. Average melting fraction as a function of time, for different fins positions.
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delineated by two vertical fins is heated at the bottom and by the two 
fins. The horizontal liquid boundary layer generated in the vicinity of 
the horizontal channel propagates towards the top of the cavity. In the 
meantime, vertical boundary layers develop along the fins and their 
thickness increases with height. The combination of those three 
boundary layers, a horizontal one and two vertical ones, leads to 
entrapping a portion of solid PCM, the shape of which is similar to a drop 
as shown in Fig. 7 (bottom left).

In time, thanks to shear stresses generated by the PCM downward 
liquid movement at the interface liquid/solid, the solid drop falls and 
finishes melting while in the vicinity of the hot horizontal channel. Note 
that the driving forces generating the fall of the solid drops are the shear 
forces and not gravity because in this work the liquid PCM density is 
equal to the solid phase density. During the solidification phase, the fins 
are considered to be immediately at the same temperature as the central 
horizontal plenum, TC, due to their high thermal conductivity [27].

Even though at the end of melting the PCM in the top cavity is at the 
heat transfer fluid temperature, as in the no fins configuration, the 
presence of the fins allows to solidify faster as they are brought at the 
cold temperature at the same time as the heat transfer fluid. This is 
indicated by the sharp decreasing slope of the melt fraction during the 
first part of solidification. When solidification is complete in the top 
cavity, the PCM is solidified in the low one until mid-height as shown in 
Fig. 7 (bottom right image). While the presence of fins enhances melting 
and helps solidification in the top cavity, the total melting and solidi
fication times are identical to the no fins configuration because the 
lower cavity dictates the time for melting and solidifying.

In the case of fins in the downside of the storage tank (Fig. 8, blue 
curve), the total melting time is the one corresponding to the melting of 
the top cavity. Indeed, the bottom cavity melts quicker thanks to the 
presence of fins. Vertical boundary layers develop along the fins and 
accelerate the transversal propagation of heat, allowing the PCM to melt 
faster than without fins. The solid phase is trapped between the insu
lated cavity bottom, the PCM melted along the fins and the top, creating 
a dome shape between each compartment. These solid domes shrink as 
the horizontal melting front progresses downward.

The solidification time in the upper cavity is faster than in the no fins 
configuration (12,409 s instead of 14,059 s). This is due to a different 

Fig. 4. No fins configuration; average melting fraction as a function of time and melting fraction distribution at significant instants.

Fig. 5. No fins configuration; time evolution of the melting front for the upper 
cavity and transition location between conduction and convection predicted by 
the scale analysis.

Fig. 6. No fins configuration; time sequence of the solidification process.
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temperature distribution at the end of melting. Indeed, as the top cavity dictates in the case of the end of melting, the PCM temperature does not 

Fig. 7. Fins in the upper cavity configuration; average melting fraction as a function of time and melting fraction distribution at significant instants.

Fig. 8. Fins in the lower cavity and fins in both cavities configurations; average melting fraction as a function of time and melting fraction distribution at signif
icant instants.
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have time to warm further by sensible heat exchange. Thanks to the fins, 
solidification ends faster in the bottom cavity than in the upper one.

Finally, the case of fins in both cavities, also shown in Fig. 8, com
bines all the phenomena previously described, leading to the fastest 
melting-solidification processes. Again, vertical boundary layers 
develop along the fins, accelerating the PCM melting process.

4.2. Single cavity-melting and single cavity-solidification

We now consider a cycle of heat charging (melting) and heat dis
charging (solidification) when the temperature of the heat transfer fluid 
is switched from hot to cold as soon as any cavity is entirely filled with 
liquid PCM. We show in Figs. 9 and 10 the average temperature in time 
on the storage tank when each cavity contains six metallic fins. The 
results for the other configurations (no metallic fins, six metallic fins in 
the upper cavity, and six metallic fins in the lower cavity) are shown in 
Appendix B.

The cavity that becomes filled with fully liquid PCM is, as expected, 
the top one as natural convection in this bottom-heated case enhances 
and favors melting. This allows to switch the Heat Transfer Fluid (HTF) 
temperature to cold at 60% of the time that was needed when waiting to 
melt the entire PCM volume of the storage tank.

Note the change in shape of the average PCM temperature in the top 
cavity towards the end of melting. This change corresponds to the 
appearance of the solid drops [27] which will quickly melt once dragged 
to the bottom of the cavity in contact with the HTF plenum (see top right 
of Fig. 9).

Solidification, on the contrary to melting, takes nearly as long as in 
the previous case. During a quick initial phase, the now cold metallic fins 
help solidification in the top cavity. The behavior is similar to what was 
observed previously and described in the previous section. The slope of 
the average temperature curve changes in the vicinity of the PCM phase 
change temperature range, indicated by the horizontal dashed lines in 
Fig. 9.

In the bottom cavity melting stops at about 80%, leaving pockets of 
solid PCM at the very bottom of the cavity, thus opposite to the HTF 
location (see top right of Fig. 10). Hence, solidification starts when the 
liquid PCM is at a temperature still very close to the melting temperature 

range, facilitating the solidification process as shown by the strong 
initial slope in the PCM average temperature change. Because solidifi
cation is mainly a conduction process in this case, the central zone 
delineated by the HTF location and two metallic fins is the last to 
solidify.

Fig. 11 shows the liquid fraction at the end of melting (top) and at the 
end of solidification (bottom) when the storage tank is without fins (left) 
or with twelve fins (right). Note the effect of buoyancy preventing a 
symmetry in melting and therefore easing melting in the top cavity 
while preventing it in the bottom one. The reverse is true during solid
ification. The addition of metallic fins smoothens this lack of symmetry 
both in melting and in solidification phases.

4.3. Heat exchanged in melting-solidification cycles

The latent heat QL stored (released) during the PCM melting (solid
ification) is evaluated as 

QL = ρVLLf (18) 

where VL is the PCM volume that is subjected to phase change, obtained 
as 

VL =

∫

V

θdV melting process

VL =

∫

V

(1 − θ)dV solidification process
(19) 

where V is the volume of the cavity without that of the fins, where 
present, and the distribution of the liquid fraction θ is evaluated at the 
end of the melting (solidification) process. As a consequence, VL co
incides with the volume V occupied by the PCM in the total melting and 
total solidification cycle, where θ is equal to 1 (0) on the entire volume at 
the end of the melting (solidification) process. On the other hand, VL < V 
in the single cavity-melting and single cavity-solidification cycle, due to 
the presence of PCM that is still in the mushy region in one of the two 
cavities at the end of the process.

The sensible heat QS exchanged during the process is evaluated as 

Fig. 9. Top cavity. Average liquid fraction and average temperature as a function of time, with liquid fraction and temperature distributions at significant instants. 
The storage unit has twelve metallic fins. The two different melting-solidification strategies are considered.
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QS = ρVScp
(
T − Tpc,h

)
(20) 

where VS is the volume of the PCM that completed the phase change and 
is subjected to sensible heating (cooling), namely, only the zones where 
θ equals 1 (0) at the end of the melting (solidification) process are 
computed. Consequently, VS ≤ VL.

The total heat QTOT stored (released) during melting (solidification) 
is 

QTOT = QL +QS (21) 

Finally, the total heat exchanged during a melting-solidification 
cycle, QTOT,ex, is obtained by summing the values of QTOT of the 
melting and solidification processes.

The heat density is defined as the ratio of the total heat exchanged 
during a melting-solidification cycle (QTOT,ex), divided by the total PCM 

volume contained in the two compartments (V). To compare the results 
in a more general way, each heat density is expressed relatively to the 
no-fins total melting-total solidification base case 

(
QTOT,ex/V

)*. By the 
same token the non-dimensional time Δt* is calculated as the ratio of the 
total time of a cycle and the total time of the no-fins total melting-total 
solidification base case. Results are plotted in Fig. 12. All cases relative 
to the total melting-total solidification case align on the quasi same 
horizontal, as the additions of fins, wherever they are, are meant to 
shorten the total duration of heat absorption (PCM melting) and heat 
release (PCM solidification).

Conclusions are significantly different when the Heat Transfer Fluid 
temperature is decreased immediately after one compartment is entirely 
filled with liquid PCM, allowing solidification to start. First, all cases 
complete their melting-solidifying cycle with ~20% of the time for the 

Fig. 10. Bottom cavity. Average liquid fraction and average temperature as a function of time, with liquid fraction and temperature distributions at significant 
instants. The storage unit has twelve metallic fins. The two different melting-solidification strategies are considered.

Fig. 11. Single cavity-melting and single cavity-solidification; liquid fraction distribution at the end of melting: (a) with no fins, and (b) with twelve fins; liquid 
fraction distribution at the end of solidification: (c) with no fins, and (d) with twelve fins.
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base case, even for the no-fins configuration. Because of this, the heat 
exchange for the latter is 60% of the base case. The configuration with 6 
fins in the upper compartment generates less heat exchanges than the 
no-fins equivalent case. The reason comes from the fast melting in the 
upper compartment favored, as already mentioned, by natural convec
tion and the metallic fins heat transfer enhancement. As the solidifica
tion phase starts right after, the PCM in the bottom compartment has 
very little time to contribute to the heat exchange, leading to the poorest 
performance in terms of total heat density exchange. Results are better 
when the fins are located in the bottom compartment with almost 80% 
of total heat density exchanged during the cycle. Finally, Fig. 12 shows a 
difference of only 12% in total heat density between the two 12 fins 
configurations highlighting the strong impact brought by the metallic 
fins.

5. Conclusions

This work presents a comprehensive numerical analysis of a fin- 
enhanced horizontal Latent Thermal Energy Storage (LTES) system 
highlighting the impact of metallic fins location and natural convection 
on the phase change dynamics during melting–solidification cycles.

The results indicate that natural convection dominates melting in the 
upper cavity, while the lower cavity heat exchanges remain controlled 
by conduction. These strongly cavity-dependent heat transfer mecha
nisms dictate therefore the overall cycle duration. Indeed, the addition 
of fins only in the upper cavity improves local thermal response but does 
not reduce the total melting–solidification time. When fins are located in 
the lower cavity, the conduction-driven process becomes less limiting 
and the system performance improves. The best performance is achieved 
when fins are installed in both cavities, resulting in the shortest cycle 
time.

The study also shows how to mitigate the asymmetry between 
melting and solidification due to buoyancy effects by means of metallic 
fins favoring a more uniform heat transfer. In partial-cycle operation, 
switching the HTF temperature when a single cavity completes melting 
allows to reduce the total cycle time. However, competing trends be
tween speed and stored/released energy, require an optimal position of 

fins, particularly in the lower cavity. The optimal fin location is not 
uniform in the storage tank but must target the thermally limiting region 
of the system. These results contribute to the design of advanced LTES 
systems with improved efficiency, reduced operating times, and 
improved thermal performance for energy storage applications.
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Appendix A

The assumption of uniform temperature for the heat transfer fluid considered in this work was validated by performing several simulations of the 
heat transfer fluid laminar flow along the mid-height channel, with a given inlet temperature and different mass flow rates. The obtained values of 

Fig. 12. Non-dimensional heat density as a function of the non-dimensional time for the various configurations; total melting and total solidification cycle (TOT), 
single cavity-melting and single cavity-solidification cycle (SC).
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temperature decrease of the heat transfer fluid between inlet and outlet at 1500 s, shown in Fig. A.1 as a function of the Reynolds number, become 
negligible at medium-high Re, confirming the validity of the assumption.

Fig. A.1. Temperature decrease of the heat transfer fluid between the inlet and outlet of the mid-height channel at 1500 s as a function of the Reynolds number.

Appendix B

This section includes the time evolution of the average liquid fraction and of the average temperature, for the cases with: no fins, fins in the top 
cavity only, fins in the bottom cavity only. The PCM phase change temperature range is highlighted by the horizontal dashed lines.

Fig. B.1. Top cavity. Average liquid fraction and average temperature as a function of time, with temperature distribution at significant instant. The storage unit has 
no metallic fins. The two different melting-solidification strategies are considered.
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Fig. B.2. Bottom cavity. Average liquid fraction and average temperature as a function of time, with liquid fraction and temperature distributions at significant 
instants. The storage unit has no metallic fins. The two different melting-solidification strategies are considered.

Fig. B.3. Top cavity. Average liquid fraction and average temperature as a function of time, with liquid fraction and temperature distributions at significant instants. 
The storage unit has six metallic fins in the upper cavity. The two different melting-solidification strategies are considered.
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Fig. B.4. Bottom cavity. Average liquid fraction and average temperature as a function of time, with liquid fraction and temperature distributions at significant 
instants. The storage unit has six metallic fins in the upper cavity. The two different melting-solidification strategies are considered.

Fig. B.5. Top cavity. Average liquid fraction and average temperature as a function of time, with liquid fraction and temperature distributions at significant instants. 
The storage unit has six metallic fins in the lower cavity. The two different melting-solidification strategies are considered.
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Fig. B.6. Bottom cavity. Average liquid fraction and average temperature as a function of time, with liquid fraction and temperature distributions at significant 
instants. The storage unit has six metallic fins in the lower cavity. The two different melting-solidification strategies are considered.

Data availability

Data will be made available on request.
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