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A B S T R A C T

This study concerns the thermal performance of a thermal energy storage heat exchanger based on phase change 
materials (PCMs). The device consists of a series of vertical cavities filled with a PCM, which are subjected to 
heating and cooling along their vertical walls. A simplified theoretical model was developed using a lumped 
parameter approach and validated through experimental tests on a scaled-down cavity representative of the heat 
exchanger geometry. The primary objective of this study was to employ the modeling framework in formulating 
an optimization strategy aimed at improving system performance during the charging phase. Results indicate 
that enhancing the natural convection of the molten PCM, by integrating horizontal partitions within the cavity, 
substantially decreases the charging time, defined as the duration required for complete phase transition from 
solid to liquid. The reduction in charging time of a PCM-based heat exchanger prototype was found to be sub
stantial (up to 50 %) when the effect of multiple partitions was investigated under constant wall temperature 
conditions, whereas the reduction was smaller (25–35 %) when heat exchange with an external fluid, at fixed 
mass flow rate and inlet temperature, was considered.

1. Introduction

Phase change materials (PCMs) are of particular interest due to their 
high latent heat storage capacity and their ability to maintain an 
isothermal behaviour during charging (melting) and discharging (so
lidification) processes. PCMs have been investigated across a broad 
spectrum of applications, including electronic equipment cooling [1,2], 
refrigeration [3], solar thermal and photovoltaic systems [4,5], ultra
sonic thermal reactors [6], and spacecraft thermal management [7]. In 
particular, thermal energy storage using the latent heat provided by 
PCMs is an effective solution to increase the efficiency of energy systems 
in buildings [8–11]. A PCM-based heat exchanger stores excess thermal 
energy during off-peak periods, using either electricity (from photo
voltaic panels or the grid) or hot water supplied by boilers, heat pumps, 
or district heating systems. This energy is used to charge the PCM, which 
melts and stores latent heat. When the building requires heating, the 
system switches to discharging mode, releasing the stored energy in a 
controlled and consistent manner. This approach reduces dependence 
on conventional energy-intensive heating and cooling systems during 
peak demand, thereby improving overall energy efficiency and lowering 
operational costs.

Numerical methods for PCM simulation during the charging process 
typically need to solve the governing equations, which involve complex 
factors such as the movement of the liquid–solid interface, the effect of 
temperature-dependent thermophysical properties, and the three- 
dimensional nature of the process. Due to these complexities, either 
large computing resources are required to provide accurate results, or 
simplified models that balance accuracy and computational efficiency, 
experimentally validated, are needed [12–15]. A simplified approach, 
based on a thermal network model combined with general relationships 
for natural convection heat transfer in the liquid phase, can be used to 
predict the dynamic thermal behavior of the heat exchanger, achieving a 
good compromise between computational efficiency and result accuracy 
[15]. In this regard, a lumped-parameter, one-dimensional model, sup
ported by experiments performed on a scaled test section, has been 
developed to gain insight into the physical mechanisms governing PCM 
melting, with particular attention to strategies for enhancing the heat 
exchanger’s performance, specifically by minimizing the charging time. 
The main novelty of this study lies in the development of a simple 
calculation tool, requiring minimal computational effort, and its appli
cation to a domain represented by a cavity heated from both vertical 
sides, which is a configuration not previously documented in the 
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literature, where cavities are typically heated from only one side.

2. Geometric and mathematical description

This study aims to optimize the operating conditions of a PCM-based 
heat exchanger designed to enhance energy savings in buildings. Fig. 1
presents a schematic of a heat exchanger prototype consisting of an 
array of parallel plates. Hot or cold water flows through internal chan
nels within these plates, while the phase change material (PCM) is 
housed in the spaces between each adjacent pair of plates. This config
uration enables efficient thermal exchange as the PCM undergoes phase 
transitions in response to the temperature of the circulating fluid. As 
shown in the figure, the basic unit of such a heat exchanger is repre
sented by a two-dimensional cavity heated on both vertical sides, with 
the remaining walls unheated.

Achieving optimal performance from this system requires a 
comprehensive understanding of the physical processes governing PCM 
melting and solidification. In particular, design efforts must focus on 
minimizing the charging time, i.e., the duration needed for the complete 
melting of the PCM, since faster charging enhances the responsiveness 

and practicality of the system in real-world applications. Key factors 
influencing the charging time include heat transfer rates, natural con
vection within the molten PCM, and the geometric configuration of the 
heat exchanger.

Fig. 2 illustrates a vertical cavity with height H, width W, and depth 
L, bounded by two heated plates (whose temperature is indicated as Tw), 
and filled with PCM. This cavity constitutes a basic representation of the 
elementary unit of the heat exchanger shown in Fig. 1. The PCM is 
initially assumed to be in the solid phase at its melting temperature Tls. 
When the wall temperature Tw exceeds the melting temperature Tls, the 
PCM begins to melt, forming a thin layer of liquid, as shown in the 
figure. Initially, heat flows by thermal conduction, then the liquid starts 
to rise due to buoyancy forces, carrying heat upward while being cooled 
along the descending path near the liquid–solid interface. This recircu
lating flow promotes the progressive melting of the solid phase until the 
liquid layer reaches the midplane of the cavity, resulting in complete 
melting. This dynamic process can be modeled using an energy balance 
applied to half of the cavity, assuming symmetry. The energy balance 
states that the heat transfer rate through the developing liquid layer, 
originating from the heated wall with an area of H × W, corresponds to 

Fig. 1. Schematic of a PCM-based thermal energy storage heat exchanger. The elementary unit of the heat exchanger is shown on the right.

Fig. 2. The cavity heated from both vertical sides (left), the growing liquid layer due to the progressive melting of solid PCM (center), and the three thermal 
boundary conditions considered in the model (right).
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the enthalpy change over time of the solid phase.
Introducing the latent heat of fusion hls, the density of the solid phase 

ρs, and the Nusselt number NuH = q H/[kl (Tw – Tls)], where q is the heat 
flux through the liquid, (Tw – Tls) is the temperature difference across the 
liquid layer, and kl is the thermal conductivity of the liquid phase, it 
follows that 

NuHkl(Tw − Tls)/H = hlsρsdx/dt (1) 

where x denotes the thickness of the liquid phase, which ranges from 
zero to half the depth of the cavity (due to the symmetry of the phe
nomenon), and t is the time. The Nusselt number is taken from estab
lished correlations in the literature for natural convection heat transfer 
in vertical cavities heated from the sides. It typically depends on the 
PCM properties, the wall-to-solid temperature difference, and the aspect 
ratio of the region where the liquid phase recirculates (i.e., the ratio of 
the height H to the liquid layer thickness x), which evolves over time.

The solution of Eq. (1) describes the time evolution of the liquid
–solid interface during the melting process, subject to the following 
assumptions: (i) the interface moves only in the x-direction (i.e., the 
phenomenon is one-dimensional, and all variables depend solely on x), 
(ii) the heat storage in the liquid phase is neglected, (iii) PCM is initially 
in the solid state at its melting temperature (i.e., not subcooled, as in real 
applications), and (iv) the thermophysical properties of both the liquid 
and solid phases are constant.

The search for the function x(t) can be carried out under three 
different thermal boundary conditions, illustrated on the right-hand side 
of Fig. 2: 

1) Constant heat transfer rate. A constant heat transfer rate Q = q × H 
× W (or heat flux q) is supplied to PCM. In this case, the wall tem
perature Tw varies during the transient process, as the Nusselt 
number is continuously adjusted based on the evolving aspect ratio 
H/x of the liquid layer.

2) Constant wall temperature. A fixed wall temperature Tw is main
tained. Consequently, the heat transfer rate Q (and the heat flux q) 
varies over time during the transient melting process.

3) Convective heat exchange with external fluid. Heat is transferred 
to the PCM from a hot external fluid circulating through a tube (with 
an assigned hydraulic diameter D) embedded within the heated 
plate. The fluid enters at a constant inlet temperature Tf,in and flows 
at a constant mass flow rate ṁ. Under this last thermal boundary 
condition, two additional energy balance equations can be formu
lated. The first expresses the balance between the enthalpy change of 
the external fluid and the heat transfer rate from the heated wall to 
the PCM:

1
2

ṁcp,f
(
Tf ,in − Tf ,out

)
= WNuHkl

(

Tw − Tls

)

(2) 

where cp,f is the specific heat of the external fluid, and Tf,out is its outlet 
temperature. The factor 1 /2 accounts for the fact that the model con
siders only half of the cavity.

The second additional equation represents the balance between the 
heat transfer rate from the external fluid to the wall and the enthalpy 
change of the external fluid: 

hf WH
(
Tf ,avg − Tw

)
=

1
2
ṁcp,f

(
Tf ,in − Tf ,out

)
(3) 

where the heat transfer area between the external fluid and the plate is 
approximated as W × H, Tf,avg = (Tf,in + Tf,out)/2, and the thermal 
resistance of the plate material is neglected. To evaluate the heat 
transfer coefficient hf inside the duct, an appropriate correlation must be 
selected, such as the one for fully developed laminar flow or the Dittus- 
Boelter equation for turbulent flow [16]. At each time instant, the three 
unknowns Tw, Tf,out, and x are obtained by solving the coupled system of 
Eqs. (1)-(3). It is evident that this thermal boundary condition leads to 
time-dependent variations in both the heat transfer rate Q and the wall 
temperature Tw.

Literature correlations for NuH, taken from [16–18] and summarized 
in Table 1, are graphically illustrated in Fig. 3. The figure specifically 
refers to a relatively high Prandtl number (as typically encountered in 
PCMs) and to RaH = 108; however, similar trends are observed for RaH 
values ranging from 106 to 1010. As the aspect ratio of the liquid region, 
H/x, increases, the efficiency of free-convective heat transfer through 
the liquid decreases, gradually approaching the pure conduction limit 
for very large H/x values. Based on an analysis of the available re
lationships, correlation (b), valid for H/x in the range of 2 to 10, has 
been adopted in the present work. If necessary, it has been extrapolated 
beyond its original range of validity. For very large H/x values, where 
correlation (b) yields NuH(x/H) < 1, the value of NuH(x/H) was set to 1, 
corresponding to the pure conduction limit. Conversely, when very 
small values of H/x arise as a result of the increasing liquid layer 
thickness, correlation (b) was employed up to its intersection with cor
relation (a), which typically occurs for H/x between 1 and 1.35, 
depending on RaH and Pr. For H/x below this threshold, a condition 
rarely encountered in PCM-based heat exchangers, Eq. (b) was replaced 
by Eq. (a) to capture the inverted trend of the Nu vs. H/x relationship as 
H/x approaches very small values.

When the cavity filled with PCM is tall and slender, as in the case of 
the envisioned heat exchanger prototype, the developing liquid layer is 
confined within a narrow gap, resulting in a high aspect ratio. As illus
trated in Fig. 3, this geometry limits the effectiveness of buoyancy- 
driven convection, often leading to low heat transfer coefficients or 
even purely conductive heat transfer across the essentially stagnant 
liquid layer. To enhance heat transfer performance under these condi
tions, one potential strategy is the insertion of multiple fins or partitions 
within the cavity, a practice that has been successfully documented in 
[19–24]. For instance, horizontal regularly spaced partitions divide the 
cavity into smaller subcavities with lower aspect ratios, thereby pro
moting recirculation of the molten PCM, as shown in the top-right corner 
of Fig. 4. In addition to enhancing convective motion, the presence of 
thin metallic partitions increases the effective heat transfer area through 
the fin effect, though this contribution is not accounted for in the present 
model. Adapting the model to this modified geometry requires rede
fining the characteristic length used in the Rayleigh and Nusselt number 
calculations. Specifically, the height of each subcavity, denoted as H’ 
and given by H divided by the number of subcavities, replaces the 
original cavity height H in the definitions of both Rayleigh and Nusselt 
numbers, as well as in the updated aspect ratio H’/x of the liquid layer.

Table 1 
Literature correlations for NuH (=h H/kl) in a vertical cavity heated on one side [16–18] as a function of the Rayleigh number RaH = βg(Tw-Tls)H3Pr/ν2, the Prandtl 
number Pr = νρl cl/kl, and the aspect ratio H/x. Some correlations have been rearranged to account for the different characteristic length used in the refs. and here.

Correlation for NuH Code (Fig. 3) Validity range

0.18 (PrmRaH)0.29(H/x)0.13 [17]; Prm=Pr/(0.2 + Pr) a 1 < H/x < 2
0.22 (PrmRaH)0.28(H/x)− 0.09 [17]; Prm=Pr/(0.2 + Pr) b 2 < H/x < 10
0.42(Prm)0.012(RaH)0.25(H/x) − 0.05 [18]; constant-heat flux c 10 < H/x < 40
0.25 (RaH)0.25 [18]; isothermal walls d n.a.
0.364 (RaH)0.25 [16]; e H/x > 1
H/x; pure conduction limit (i.e., NuH(x/H) = 1) f H/x → ∞
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3. Model validation

The results provided by the model were compared with experimental 
data obtained for a cavity filled with lauric acid as PCM, whose 

properties are listed in Table 2 [25]. The cavity (100 mm high, 68 mm 
wide, and 30 mm deep) was electrically heated on both vertical sides, 
each with a heat transfer area of 100 × 68 mm2. Plane heaters were 
glued to 8 mm-thick aluminum plates, whose high thermal conductivity 

Fig. 3. Plot of NuH(x/H) versus aspect ratio H/x based on the literature correlations from Table 1, for RaH = 108 and Pr = 100. Similar trends are observed for RaH 
values within the range of interest (106 – 1010).

Fig. 4. Measured wall and PCM (lauric acid) temperatures, averaged over four horizontal planes (H1, H2, H3, and H4) where thermocouples are installed (individual 
locations shown in the 3D sketches). Experimental charging times are also indicated.
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ensured a fairly uniform temperature at any given time. Two experi
ments were conducted: one without partitions and another with three 
partitions dividing the cavity into four subcavities. In both cases, an 
adjustable input power was applied to maintain a constant wall-to- 
melting temperature difference of 15 K (i.e., Tw = 58.5 ◦C, Tls =

43.5 ◦C), except during a brief initial transient. Both the heated side 
walls and the PCM were instrumented with numerous sheathed ther
mocouples to monitor local and average temperature variations during 
the melting process. Thermocouples with a diameter of 0.5 mm were 
used within the heated plates, while 0.25-mm diameter thermocouples 
were placed in the PCM, as shown in the 3D sketches of Fig. 4.

The plots in Fig. 4 show the measured temporal evolution of PCM 

temperature, averaged over four different horizontal planes. They also 
indicate the time required for the complete melting of the PCM (referred 
to as the “charging time”), which begins when the wall temperature 
reaches the melting temperature Tls and ends when all thermocouples 
display a clear rise above Tls. In the case without partitions, a consistent 
time delay in local PCM melting is observed as the elevation decreases. 
This phenomenon challenges the assumption of a one-dimensional 
growth (along the horizontal coordinate) of the liquid layer, since 
melting is also affected by the vertical coordinate, and it highlights the 
inefficiency of natural convection in the liquid layer due to the relatively 
large aspect ratio. In contrast, the case with partitions exhibits a reduced 
elevation-dependent melting delay. The introduction of partitions 
reduced the measured charging time from 4000 to 2770 s, correspond
ing to a 30.8 % decrease.

Fig. 5 shows the liquid volume fraction predicted by the model for 
both configurations, obtained by solving Eq. (1) under the constant wall 
temperature boundary condition and using a time step of 1 s. A smaller 
time step (for instance, 0.1 s) results in numerical errors in the charging 
time of less than 0.2 %. The calculated charging times are 2898 s without 
partitions and 2111 s with three partitions (as in the experiments). The 
predicted time for the complete melting of the PCM is approximately 25 
% shorter than the experimental value. This discrepancy can be attrib
uted to some of the model’s limiting assumptions (e.g., the PCM being 
initially at the melting temperature rather than at ambient temperature 
as in the experiments, the neglect of heat storage in the liquid phase, and 
uncertainties in the thermophysical properties). Nevertheless, the model 
predicts a 27.2 % reduction in charging time due to the presence of 
partitions, which agrees reasonably well with the 30.8 % reduction 
observed experimentally. The slight discrepancy (of about 12 %) may 
also be due to the fin effect present in the experiments but not consid
ered in the model, which likely contributes to further accelerating the 
melting process in the partitioned configuration.

A further comparison was made with experimental data from 
[19,23], obtained for lauric acid and n-octadecane in the presence of one 
or three horizontal fins/partitions. Experiments in [19] were conducted 
at constant wall temperatures (three different levels), whereas in [23] 
the mean wall temperatures for the unpartitioned and partitioned cav
ities differed (as the two configurations were heated supplying the same 
heat transfer rate); the respective reported wall temperatures were 
therefore used in the model. The reduction in charging time experi
mentally observed in [19] (Tw in the 55–70 ◦C range, Tls = 43.5 ◦C) was 
17–19 % with one horizontal fin and 36–38 % with three horizontal fins. 
Calculations predicted a 16 % reduction with a single partition and 26 % 
with three partitions. Experiments reported in [23] (Tw = 47 ◦C without 
partitions and 44 ◦C with partitions, Tls = 28 ◦C) showed a 15 % 

Table 2 
Properties of lauric acid [25].

Melting temperature Tls 43.5 ◦C
Latent heat of fusion hls 187.2 kJ/kg
Density of liquid/solid ρl/ρs 885/940 kg/m3

Thermal conductivity of liquid/solid kl/ks 0.14/0.16 W/m K
Specific heat of liquid/solid cl/cs 2.39/2.18 kJ/kg K
Kinematic viscosity ν 6.7 × 10− 6 m2/s
Thermal expansion coefficient β 0.0008 K− 1

Prandtl number Pr 101

Fig. 5. Calculated liquid volume fraction during the melting process of lauric 
acid (PCM) for the experimentally tested cavity. Corresponding charging times 
are also indicated.

Fig. 6. Liquid volume fraction over time for configurations without and with partitions, under constant wall temperature conditions at two different tempera
ture levels.
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reduction in charging time with three partitions, compared to a 10 % 
reduction predicted by the model. Considering the relative simplicity of 
the one-dimensional model and the different operating conditions 
assumed in [19,23] (for instance, heating applied only to one side of the 
cavity, tests starting from ambient temperature rather than the melting 
temperature, and the fin effect neglected in the model), the agreement 
between model results and literature data can be considered 
satisfactory.

4. Results and discussion

Once the reliability of the model had been validated, calculations 
were conducted using a cavity that replicates the dimensions of the heat 
exchanger prototype, specifically, a series of vertical cavities measuring 
0.6 m in height, 1.0 m in width, and 0.03 m in depth (distance between 
the heated plates). Lauric acid (properties listed in Table 2) was used as 
PCM. The calculations were performed with a time step ranging from 0.2 
to 1 s, depending on the input parameters and boundary conditions, 
while maintaining the numerical error below 0.2 %. The objective of the 
calculations was to evaluate whether the introduction of a number of 
equally spaced horizontal partitions could effectively reduce the 
charging time of the PCM-filled cavity, which represents the elementary 
unit of the heat exchanger.

As previously noted, three different heating conditions can be 
applied to the vertical walls of the cavity. When the same heat transfer 
rate is applied in both the partitioned and non-partitioned configura
tions, the wall temperature is lower in the partitioned case; however, the 
charging time remains unchanged. Therefore, this condition is not 
relevant for the intended application. Conversely, assuming the same 
wall temperature in both cases leads to higher heat transfer rates in the 
partitioned configuration. This is attributed to a more favorable aspect 
ratio of the liquid region, which, under the same driving potential (i.e., 
same wall-to-melting temperature difference), enhances buoyancy- 
driven recirculation and thus improves natural convective heat trans
fer. As a result, the time required for complete melting of the PCM is 
reduced. Results for the constant-wall-temperature condition are shown 
in Fig. 6 for two values of Tw – Tls, namely 10 and 15 K. Inspection of the 
figure reveals that, for these temperature differences, a noticeable 
reduction in charging time is achieved even with a small number of 
partitions (e.g., one or three).

A further comparison was carried out under a different constraint, 
whereby the same mass flow rate ṁ of an external fluid at a specified 
inlet temperature Tf,in was imposed. Two values of the mass flow rate (ṁ 
= 0.01 and 0.02 kg/s) were considered. The hydraulic diameter of the 
tube embedded in the heated plate was assumed to be D = 0.005 m, 
corresponding to a Reynolds number, for the external fluid flowing 

inside the tube, greater than 5000. Under these conditions, the flow was 
considered turbulent, and the heat transfer coefficient inside the tube 
was calculated using the Dittus-Boelter correlation [16]. Fig. 7 presents 
the results in terms of liquid volume fraction versus time: the inclusion 
of partitions continues to yield a reduction in charging time, exhibiting 
similar behavior to that observed under the constant wall temperature 
condition.

The percentage reduction in the PCM charging time for each module 
of the heat exchanger prototype is illustrated in Fig. 8. For both thermal 
boundary conditions, either a fixed wall temperature or heat exchange 
with an external fluid at constant mass flow rate and inlet temperature, 
the presence of horizontal partitions consistently reduces the charging 
time; however, a saturation effect is observed. Indeed, as the number of 
partitions increases substantially, the reduction in charging time be
comes less significant, as also reported in [22].

Specifically, when a constant wall temperature is imposed and kept 
equal in both the partitioned and unpartitioned configurations, charging 

Fig. 7. Liquid volume fraction over time for configurations without and with partitions, under heat exchange with an external fluid at a fixed inlet temperature and 
two different mass flow rates.

Fig. 8. Percentage reduction in PCM charging time resulting from the intro
duction of horizontal partitions, evaluated under two thermal boundary con
ditions: constant wall temperature, and heat exchange with an external fluid 
circulating at fixed mass flow rate and inlet temperature.
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times are reduced by up to 50 %, with negligible influence from the wall- 
to-melting temperature difference within the 5–30 K range. In contrast, 
when heat is supplied via internal circulation of a hot external fluid, a 
condition more representative of real operating scenarios, the maximum 
reduction in charging time due to partitions is approximately 25–35 %, 
depending on the mass flow rate (0.01 to 0.02 kg/s), with greater re
ductions corresponding to higher mass flow rates. This comparatively 
less favorable outcome under external fluid circulation is further eluci
dated in Fig. 9, which displays wall and outlet fluid temperatures for 
cases without partitions and with 5 or 19 partitions. The inlet temper
ature is fixed at 60 ◦C, and two mass flow rates (0.01 and 0.02 kg/s) are 
considered. Under these conditions, where the wall temperature de
creases over time, two opposing effects can be observed. On the one 
hand, the presence of partitions reduces the wall-to-melting temperature 
difference compared to the unpartitioned case, which tends to limit the 
potential benefits of the partitions. On the other hand, partitions 
significantly increase the inlet-to-outlet temperature difference of the 
external fluid, resulting in a much higher heat transfer rate from the 
fluid to the PCM despite the reduced wall-to-melting temperature dif
ference. Consequently, partitions still lead to a marked reduction in 
charging time, although the improvement is less pronounced than in the 
case of a fixed wall temperature. It is also worth noting that, in principle, 
the two scenarios converge when a sufficiently high mass flow rate is 
imposed, such that the wall temperature remains nearly constant and 
closely follows the inlet temperature throughout the charging process.

5. Conclusions

In this study, the melting process within a vertical cavity, repre
senting the elementary unit of a PCM-based thermal energy storage heat 
exchanger, was modeled using a simplified one-dimensional approach. 
The model relies on an energy balance that incorporates standard heat 
transfer coefficient correlations for natural convection in the forming 
liquid layer, under different thermal boundary conditions at the wall- 
PCM interface. Validation was performed against experimental data 
obtained from a scaled-down cavity as well as data reported in the 
literature.

The main objective was to identify an optimized cavity configura
tion, filled with lauric acid at its melting temperature, that could 
significantly reduce the charging time. This was achieved by introducing 

a set of equally spaced horizontal partitions dividing the cavity into 
smaller subcavities. The partitions were designed to enhance natural 
convection in the liquid phase by providing a more favorable aspect 
ratio for each liquid region.

From the perspective of the heat exchanger design, the model cal
culations showed that the introduction of partitions led to a substantial 
decrease in charging time, up to 50 % for the considered input param
eters, under idealized conditions of constant wall temperature. Under 
more realistic operating conditions, where heat is supplied by an 
external fluid at a fixed mass flow rate and inlet temperature, the 
reduction in charging time was more moderate, reaching approximately 
25–35 % at most.
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