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 In this research, a numerical investigation is conducted using COMSOL 
Multiphysics to examine both melting and solidification of the PCM lauric acid, 
placed in a vertical rectangular enclosure. The system is subjected to bottom 
heating and cooling, with or without metallic fins. The study focuses on 
evaluating the effect of the presence of metallic inclusion on the speed of the 
phase transition front and the consequent duration of the melting and 
solidification processes. The presented findings are the average liquid fraction 
over time, location of the phase change front, and temperature distribution 
within the cavity. The obtained outcomes highlight how different heat transfer 
processes, conductive and convective, are involved at various time instants 
during the PCM charging and discharging phases, as well as the heat transfer 
improvement yielded by the presence of metallic fins, which reduces the time 
needed for melting (solidification) by about 75% (86%). In addition, solid drops 
falling is observed when the horizontal melt layers spreading from the fin tops 
come in contact. 
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1. Preface 

Nowadays, the continuously growing energy request makes it essential to optimize the use 
of sustainable energy solutions.  In this context, thermal energy storage (TES) systems are 
crucial, as they allow the link between energy generation and consumption. Indeed, in 
applications characterized by non-programmable energy generation, such as solar thermal 
systems, the adoption of appropriate storage tanks is essential for storing heat and 
releasing it once needed [1]. 

PCMs (phase change materials), have shown great potential for use in thermal energy 
storage systems in order to enhance the heat capacity by utilizing the latent heat of fusion 
during the phase transition between solid and liquid states [2,3]. Nevertheless, one of the 
main disadvantages of the PCMs is their low values of thermal conductivity, which inhibit 
the heat transfer within the material, slowing down the storage and release of heat. To 
overcome this disadvantage, many techniques have been proposed in the literature, such 
as the optimization of the PCM allocation in relation to the source of heat [4], or the 
coupling of PCMs with metal oxide nanoparticles [5], graphene [6], high-porosity open-cell 
metal foams [7], or metallic fins [8-11], to accelerate the PCM melting and solidification. 

Regarding latent thermal energy storage (LTES) systems, bottom-heated LTES have been 
widely studied in different works [12-18]. In particular, Feng et al. [14] modeled the 
melting process of ice-copper nanoparticle mixtures using a new lattice Boltzmann 
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method. Their results showed that the addition of nanoparticles of copper to the phase 
change material accelerates the melting process and improves heat transfer. Similarly, a 
numerical investigation on a phase change material inserted in a bottom-heated square 
cavity during melting was performed by Gong and Mujumdar [15]. The authors used the 
finite element method Streamline Upwind/Petrov Galerkin, and their results revealed that 
a variation in the Rayleigh number leads to different flow patterns within the system. 
Moreover, Fteiti and Nasrallah [16] numerically studied the melting of a pure PCM in a 
rectangular enclosure heated/cooled from the bottom and from the top, respectively. They 
observed that the aspect ratio of the enclosure affects the duration of the process. In 
particular, if the aspect ratio is reduced, the melting process takes place faster.  Parsazadeh 
and Duan [17] investigated the melting from the bottom of coconut oil, used as a PCM. The 
geometry studied is a cavity with a rectangular shape in which the PCM is confined. Their 
outcomes showed that the melting process takes place with two different mechanisms, 
depending on the Rayleigh number. In particular, the beginning of the process, 
characterized by small Rayleigh numbers, is dominated by heat conduction, whereas 
natural convection characterized by the formation of Rayleigh-Bénard cells is the heat 
transfer mechanism when the Rayleigh number exceeds the critical value. Also, Kousksou 
et al. [18] conducted a numeric analysis on the melting of gallium, inserted in a rectangular 
enclosure heated from a horizontal wavy surface, driven by convection. Their analysis 
focused on how the amplitude of the wavy bottom affects heat transfer during melting. 
They found that the number of Rayleigh-Bénard rolls is significantly influenced by the 
liquid layer height. 

In this paper, a rectangular enclosure filled with a PCM, i.e. lauric acid, is numerically 
studied. The cavity is heated or cooled from the bottom side, whilst the other walls are 
adiabatic, and can include three metal fins placed from below. A specific geometry has been 
selected in this study in order to show the effects of the fins inclusion in a vertical 
enclosure, where the fins do not reach the cavity top, heated/cooled from the bottom. The 
behavior of the PCM during both melting and solidification is studied in order to evidence 
the impact of the metallic fins on the heat transfer mechanisms, duration of the 
melting/solidification processes, and slope of the liquid fraction trend. 

2. Methods 

2.1. Geometrical Configuration and Material Properties 

A rectangular cavity with length A = 3 cm and height B = 5 cm is selected for the numerical 
analysis (see Fig. 1a). The enclosure contains the PCM lauric acid. Table 1 reports the main 
material properties. 

Table 1. Lauric acid properties [19] 

 Solid state Liquid state 

Temperature, T [K] 316.65 321.35 

Density, ρ [kg/m3] 940 940 

Heat conductivity, λ [W/(m⋅K)] 0.16 0.14 

Specific heat capacity, cp [J/(kg⋅K)] 2180 2390 

Dynamic viscosity, μ [Pa⋅s]  0.008 

Thermal expansion coefficient, β [1/K] 0.0008  

Latent heat of fusion, L [J/kg] 187210  
 

The melting temperature range of the considered PCM is ΔTm = 4.7 K. The melting of the 
material starts at Tm = 316.65 K, while solidification starts at Ts = 321.35 K. Two distinct 
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scenarios are examined: only the PCM is present in the cavity; also 3 aluminum fins (λfins = 
237 W/(m⋅K), ρfins = 2700 kg/m3, cpfins = 897 J/(kg⋅K)) are included. The fins are attached 
to the cavity bottom and shorter than the enclosure (see Fig. 1b). The width and height of 
the fins are respectively w = 0.1 cm and h = 3.5 cm, while the spacing between fins is s = 1.4 
cm.  It is important to note that the fins located in correspondence of the cavity lateral sides 
have a width halved with respect to that of the central fin, to minimize the boundary 
influence. 

 
(a) 

 
(b) 

Fig. 1. Studied geometry: vertical enclosure without (a), or with (b) fins 

2.2. Numerical Method 

To simulate the melting and solidification processes of lauric acid, contained within the 
cavity, with and without fins, the top and lateral surfaces of the enclosure are considered 
adiabatic, whereas the bottom wall is maintained at a fixed temperature. In particular, 
throughout melting, the cavity is bottom-heated at TH, which is determined as the sum of 
the melting temperature Tm, and a constant value ΔTp, that is equal to 37.35 K: 

= +
H m p

T T T
 

(1) 

In this case, an initial temperature equal to Tm is assumed for the entire domain, ensuring 
that the lauric acid is in the solid phase. Similarly, the solidification process is conducted 
by setting the bottom side of the cavity at a fixed temperature value equal to TC, defined as 
the difference between the solidification temperature Ts, and the constant value ΔTp: 

= −
C s p

T T T  (2) 

For the solidification process, the initial temperature is Ts in the whole domain, ensuring 
that the lauric acid is in the liquid phase. Furthermore, the phase change material in the 
liquid state is considered incompressible, the flow is assumed to be laminar (Boussinesq 
approximation is adopted), PCM and metallic inclusions exhibit isotropic properties. The 
governing equations consist of the conservation of mass, momentum, and energy: 

v 0 =  (3) 

( ) ( )m

v
v v p v g g T T2     




+  = − +  + − −


        (4) 
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where v  is the velocity vector, p is pressure, g  is the gravity acceleration vector, τ is time, 

θ is the PCM local liquid fraction, and 
,p m

c  is the modified specific heat capacity. In 

particular, the latter is defined in agreement with the apparent heat capacity method as 
follows [20]: 

=  
,

 if  or   (solid and liquid state)
p m p m s

c c T T T T  (6) 

=  


,
+  if   (mushy region)

p m p m s

m

L
c c T T T

T
 (7) 

where L is the PCM latent heat of fusion. Furthermore, θ is a dimensionless parameter that 
quantifies the fraction of liquid present. In detail, θ assumes the following values: 

 = 0 if   (solid state)
m

T T  (8) 


−

=  


 if   (mushy region)m
m s

m

T T
T T T

T
     (9) 

 = 1 if   (liquid state)
s

T T  (10) 

In the case with the aluminum fins attached to the cavity bottom, heat transfer through the 
fins is due to conduction: 

 



= 



2

,fins p fins fins

T
c T  (11) 

The boundary conditions regarding the melting and solidification processes are reported 
in Eqs. (12)-(14) and Eqs. (12)-(13), (15), respectively. The initial conditions for the 
melting process are expressed by Eqs. (16)-(17), whereas those for the solidification one 
by Eqs. (16), (18): 

v y v A y v x v x B(0, , ) ( , , ) ( ,0, ) ( , , ) 0   = = = =  (12) 

= = =

  
= = =

  
0

0
x x A y B

T T T

x x y
 (13) 

H
T x T( ,0, ) =  (14) 

C
T x T( ,0, ) =     (15) 

v x y( , ,0) 0=  (16) 

=( , ,0)
m

T x y T  (17) 

=( , ,0)
s

T x y T  (18) 

 The equations were solved using the finite element software COMSOL Multiphysics. 

2.3. Mesh Sensitivity Analysis 

An unstructured grid with triangles as elements is used for the discretization of the 
domain. Along the walls and the fins, a boundary layer mesh is included, to optimize the 
grid for laminar flow. To verify the independence of the results from the grid, three distinct 
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meshes are considered. The average liquid fraction values over time for the PCM melting 
in the cases with and without fins, obtained with the three grids, are compared by 
considering maximum absolute error and root mean square error (RMSE), as shown in 
Table 2. 

Table 2. Results of the mesh sensitivity analysis: average liquid fraction errors 

Grid 

Cavity without fins Cavity with three fins 

Element 
count 

Maximum 
absolute 

error 
RMSE 

Element 
count 

Maximum 
absolute 

error 
RMSE 

First Grid 5742 0.0213 0.0120 6117 0.1012 0.0109 
Second Grid 5970 0.0096 0.0044 7601 0.0168 0.0013 
Third Grid  6378 - - 8412 - - 

 

In addition, the height of the phase change front as a function of time, evaluated in the 
middle of the cavity without fins with the three different meshes, is compared for both the 
melting (see Fig. 2a) and solidification (see Fig. 2b) processes. 

 
(a) 

 
(b) 

Fig. 2. Results of the mesh sensitivity analysis: melting (a) and solidification (b) front 
height as a function of time in the middle of the cavity without fins 
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Due to the very low values of the errors, in terms of average liquid fraction, obtained by 
the Second Grid (see Table 2) and to the negligible difference between the phase change 
front position obtained with the Second Grid with respect to the Third Grid (see Fig. 2), the 
mesh with 5970 elements is adopted. 

2.4. Model Validation 

The model used in this study is validated against the results presented by Shokouhmand 
and Kamkari [21] for the melting process, and against the results presented by Kiyak et al. 
[22] for the solidification process. Shokouhmand and Kamkari [21] studied experimentally 
the temperature distribution and the progression of the melting front of lauric acid 
contained in a vertical rectangular heat storage with one-side heating. In particular, they 
performed many experimental runs by heating the right wall at various constant 
temperature values, providing benchmark data to validate numerical codes. 

 

Fig. 3. Average liquid fraction of lauric acid over time, results by Shokouhmand and 
Kamkari [21] and by the present model 

The average liquid fraction trend obtained with the proposed method and that yielded by 
the experiment of Shokouhmand and Kamkari in the case of a constant wall temperature 
equal to 70 °C is shown in Fig. 3. Moreover, the melting front position at some instants 
yielded by the proposed method and by the experiment of Shokouhmand and Kamkari [21] 
is compared in Fig. 4. A good agreement is observed between the results of this work and 
those obtained in Ref. [21]. The maximum absolute error in the average liquid fraction 
values is 0.0206 and the RMSE is 0.0114, while the maximum discrepancy between the 
melting front position obtained by this model and by Shokouhmand and Kamkari [21] is 
0.0027 m. 

Kiyak et al. [22] numerically studied the performance of thermal energy storage units filled 
with PCM. The investigation was assessed for the melting and solidification processes of 
the PCM RT42, considering the influences of the heater and cooler positions (bottom, top, 
and side) and the impact of the geometry shape (square and circular). Fig. 5 shows the 
average liquid fraction trend obtained by this model with that yielded by Kiyak et al. [22] 
in the case of cooling of RT42 confined within a square cavity cooled from the bottom. A 
good agreement can be found between the results of this study and those reported in Ref. 
[22]: the maximum absolute error in the average liquid fraction is 0.0175, and the RMSE is 
0.0112. Furthermore, Fig. 6 compares the solidification front position within the square 
cavity at different time instants, as determined by the proposed method and by Kiyak et al. 
[22]. A good agreement can be observed: the maximum difference between the 
solidification front height obtained by this model and that of Ref. [22] is equal to 0.0020 m. 
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Fig. 4. Melting front evolution at different times, results by Shokouhmand and Kamkari 
[21] and by the present model 

 

Fig. 5. Average liquid fraction of RT42 over time, results by Kiyak et al. [22] and by the 
present model 

 

Fig. 6. Solidification front evolution at different times, results by Kiyak et al. [22]and 
by the present model 
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3. Results and Discussion 

The average liquid fraction values, obtained for the PCM melting and solidification in the 
cavity with and without fins, are shown as a function of time in Figs. 7-8. It is noticeable 
how the use of metal fins leads to a significant reduction in the time required to conclude 
the melting process of lauric acid (average liquid fraction of 1 in Fig. 7), because they 
enhance the phase change by conveying heat from the bottom to the top of the cavity. 
Specifically, the melting time is about 4458 s for the cavity without fins, while it is only 
about 1095 s in the case with fins, which means a reduction of about 75%. 

 

Fig. 7. Average liquid fraction for the lauric acid melting, cavity with/without fins 

 

Fig. 8. Average liquid fraction for the lauric acid solidification, cavity with/without fins 

The use of fins allows a significant reduction in the solidification time as well, as evident 
by comparing the red and black curves in Fig. 8. In particular, a reduction in the 
solidification time of about 86% is observed: from 40075 s in the absence of fins to 5793 s 
when 3 fins are added (average liquid fraction equal to 0 in Fig. 8). 

It is worth noting that the PCM solidification is significantly longer than the melting. The 
formation of convective cells, in fact, accelerates the melting. The solidification process, on 
the other hand, is governed by the conductive regime only (bottom-cooled enclosure), 
resulting in much longer times needed to finish the transition from liquid to solid. More in 
detail, the PCM melting process is initially dominated by thermal conduction, whereas, 
subsequently, Rayleigh–Bénard cells begin to develop, triggering a shift in the heat transfer 
mechanism from a conductive regime to a natural convective one [23]. 
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Fig. 9 shows the time sequence of temperature distribution and streamlines in the case of 
melting without fins: at the beginning (τ = 50 s in Fig. 9) the melting front is planar 
(conductive regime), but when the convective regime turns out to be more effective to 
transfer heat from the enclosure bottom, Rayleigh–Bénard cells begin to develop (τ = 135 
s in Fig. 9), then the rolls become bigger and less numerous (τ= 800 s in Fig. 9). 

 

Fig. 9. Progression of lauric acid melting without fins: τ = 50 s (conductive regime), τ = 
135 s (transition from conduction to convection), τ = 800 s (convective regime) 

Fig. 10 shows the liquid layer thickness δ over time during the melting process in the cavity 
without fins, evaluated at the enclosure center. It is evident how the evolution of δ follows 

two different trends: during the initial part of the process, δ is proportional to  0.5
, then to 

τ, in agreement with the theoretical results [23]. Moreover, the transition between 
conduction to the convection is highlighted in Fig. 10 by the inflection on the curve, which 
matches the theoretical analysis predictions: τ = 134.92 s and δ = 0.0019 m (see the black 
lines in Fig. 7). 

 

Fig. 10. Liquid layer thickness versus time; cavity without fins 

Fig. 11 shows the progression of lauric acid melting in the presence of fins. In this case, the 
melting process occurs simultaneously from the cavity bottom and from the fins, which are 
heated up to the temperature TH very soon. After a brief phase where the PCM is heated by 
conduction from the fins and from the bottom wall, Rayleigh–Bénard cells develop in the 
bottom space between two adjacent fins, as well as convective cells along the fins (see Fig. 
11, left). As the heating process continues, the cells formed along the fins tend to enlarge 
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at the fin top and to merge, generating drops of solid material at the center between 
consecutive fins (see Fig. 11, middle). The convective cells exhibit a descending liquid 
movement at the boundary with the solid phase, so that the shear forces drive the solid 
drop downward to the cavity base, where the solid material completes its melting (note 
that the density of the material in both phases is the same). Additionally, convective cells 
also develop from the fins top, and combine with the vertical cells developed along the fins 
(that now fill the entire spacing between fins, see Fig. 11, right). These new rolls help melt 
the PCM located at the enclosure top, which is not reached by the metallic fins. Indeed, the 
melting of the material above the fins is slower, as highlighted by the decreased slope of 
the final part of the red curve in Fig. 7. 

 

Fig. 11. Progression of lauric acid melting with fins: τ = 350 s (rolls formation), τ =547 
s (solid drops falling), τ = 660 s (cells merged) 

 

Fig. 12. Progression of lauric acid solidification without fins 

Figs. 12-13 show the progression of the solidification of lauric acid in the 
absence/presence of fins, respectively. It is evident that in this case, the conditions for the 
formation of convective cells are not present. Therefore, the solidification process occurs 
solely through the conduction regime, in agreement with the literature [24]. As a result, 
the solidification times are much longer than the melting ones (by about 5-9 times). 
However, the inclusion of fins accelerates the PCM solidification (compare temperature 
distributions at corresponding time instants in Figs. 12-13), but when the phase transition 
front arrives at the upper part of the fins, the process slows down, as captured by the slope 
change in the red curve of Fig. 8. Fig. 14 shows the vertical position δ’ of the phase change 
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front versus time in the case of solidification in the cavity without fins, evaluated at the 

enclosure center. The time evolution of δ’ is proportional to  0.5
, without any change in 

the curve slope, consistently with the conduction-dominated regime of the phase change. 

 

Fig. 13. Progression of lauric acid solidification with fins 

 

Fig. 14. Solid layer thickness versus time; cavity without fins 

4. Conclusions 

In this paper, a computational study is performed on the phase transition from solid to 
liquid, and vice versa, of lauric acid used as PCM. The material is confined within a 
rectangular cavity, with and without metallic fins, and is heated or cooled from the bottom, 
while the other walls of the enclosure are adiabatic. 

The performance of the system during both melting and solidification is numerically 
analyzed in order to highlight the influence of the presence of the metallic fins on the heat 
transfer typology (namely, conduction or convection), speed of the phase change front, and 
duration of the melting/solidification process in a vertical rectangular enclosure with fixed 
geometry and temperature values of the bottom side. The governing equations are solved 
through the commercial software COMSOL Multiphysics and both mesh sensitivity analysis 
and validation of the model against literature results have been performed. 
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The obtained results evidence how, without fins, the melting of the PCM takes place due to 
a combination of an initial conductive regime, and a subsequent convective regime with 
the development of Rayleigh–Bénard cells. Specifically, when convection is more efficient 
in the heat transfer from the enclosure bottom with respect to conduction, convective cells 
start to develop, enhancing the PCM melting. In contrast, the solidification process occurs 
only through thermal conduction, with consequent longer times to complete the phase 
change. 

If metal fins are attached to the bottom side of the enclosure, also convective cells develop 
vertically along the fins during the melting process. Then solid drops are created, due to 
the progression of the melting front spreading in the horizontal direction from the upper 
part of the fins. The shear forces due to the convective rolls push the solid drops toward 
the cavity bottom, where they end up melting. In addition, convective cells develop from 
the fins top and combine with the cells along the fins, enhancing the fusion of lauric acid 
located at the enclosure top, which is not reached by the metallic fins. The presence of high-
conductivity inserts can reduce the duration of melting and solidification processes 
respectively by 75% and 86%. 
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