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A B S T R A C T   

The enthalpy-porosity method is generally applied as an economical resort for the numerical simulation of phase 
change materials (PCMs). However, having been developed strictly for metals, its suitability for the task is un-
clear, nor is the rationale for assigning its internal parameters, e.g., latent enthalpy and the constant of the 
momentum source term representing the “mushy” region. We first experimentally and exhaustively characterize 
a paraffin-type PCM, including differential scanning calorimetry (DSC) at several heating rates, T-history, and 
fusion visualization. Then, we develop a numerical model and systematically run simulations under different 
internal parameters and thermophysical properties of the PCM. Simulation results exhibit significant disagree-
ment with experiments that cannot be reduced by any strategy for combining different material properties and 
model parameters. Among other effects, the constant of the momentum source term, which has to be assigned 
somewhat arbitrarily, has more relevance in the accuracy than any set of properties obtained by DSC and other 
experimental techniques. Thus, a rather negative, although interesting, conclusion is suggested: the enthalpy- 
porosity method may fail to model the phase change of paraffin-type PCMs. This is, of course, of paramount 
importance for the studies of their utilization in practical systems since it puts a fundamental point of uncertainty 
in any numerical study or lumped-type model derived thereof. The paper concludes with a tentative discussion of 
the possible causes of this failure and perspectives for developing more proper models.   

1. Introduction 

Interest in renewable energies has increased in recent years due to 
the future depletion of fossil fuel energy sources and the concerns about 
the effect of their use on climate change [1]. Solar energy is one of the 
areas of most significant development and highest energy generation 
potential. However, for low-temperature heating applications, although 
the cost of solar collectors for water and air has decreased due to tech-
nological improvements, its use in thermal applications is still low, 
mainly by the dispersion and intermittency of this energy source. In this 
context, energy storage is of paramount importance. 

Using latent heat storage systems has advantages over sensible heat, 
so phase change materials (PCM) can have a significant role in devel-
oping solar thermal technologies, storing and releasing energy at an 
almost constant temperature linked with the phase change. For the 
successful use of PCM, a good experimental characterization of its 

thermal properties is required. Indeed, the thermal characterization of a 
material encompasses the properties needed for calculating energy 
storage, energy release, and space requirements, among others. Also, the 
detailed numerical modeling of processes involving PCMs, essential for 
proper design, benefits from an appropriate experimental 
characterization. 

For this thermal characterization, a set of measurement standards 
must be followed. It happens that most of these standards were defined 
for other purposes or materials, so they do not fit the aim of thermal 
characterization, although they are used for this purpose [2]. For 
example, DSC is the most widely used method for the determination of 
thermal properties since it allows to estimate the characteristic tem-
peratures (melting, crystallization, polymorphous transitions, reactions, 
glass transitions), the transformation and reaction heat (enthalpies), as 
well as decomposition, thermal stability, oxidation, and specific heat Cp. 

Some standards applied to obtaining PCM properties using the DSC 

* Corresponding author. 
E-mail addresses: arnoldg@uninorte.edu.co, arnoldrafael@correo.unicordoba.edu.co (A. Martínez), mycarmona@uninorte.edu.co (M. Carmona), tdyfqdb@ 

unizar.es (C. Cortés), iarauzo@unizar.es (I. Arauzo).  

Contents lists available at ScienceDirect 

Journal of Energy Storage 

journal homepage: www.elsevier.com/locate/est 

https://doi.org/10.1016/j.est.2023.107876 
Received 27 February 2023; Received in revised form 11 May 2023; Accepted 29 May 2023   

mailto:arnoldg@uninorte.edu.co
mailto:arnoldrafael@correo.unicordoba.edu.co
mailto:mycarmona@uninorte.edu.co
mailto:tdyfqdb@unizar.es
mailto:tdyfqdb@unizar.es
mailto:iarauzo@unizar.es
www.sciencedirect.com/science/journal/2352152X
https://www.elsevier.com/locate/est
https://doi.org/10.1016/j.est.2023.107876
https://doi.org/10.1016/j.est.2023.107876
https://doi.org/10.1016/j.est.2023.107876
http://crossmark.crossref.org/dialog/?doi=10.1016/j.est.2023.107876&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Energy Storage 69 (2023) 107876

2

are ASTM D87 [3] to determine the melting point of petroleum-derived 
waxes, ASTM D4419 [4] to determine transition temperatures, ASTM 
E793 [5], which is used to measure the enthalpies of fusion and crys-
tallization through DSC, among others. This kind of standards, not 
designed for latent energy storage materials, also have been used to 
determine the properties of mixtures [6], composite materials [7,8], and 
porous matrices with PCM [9,10]. 

A drawback of DSC is that the mass of the sample and the rate of 
cooling/heating affect the experimental results [11]. Reference [12] 
proposes a methodology to avoid the variability of some parameters that 
influence the determination of the enthalpy curve as a function of 
temperature by DSC by using the dynamic method. Good fits were found 
for the heating tests; however, large deviations were observed in the 
cooling tests. A procedure to standardize the measurements, which in-
cludes recommendations for the calibration of the DSC equipment, as 
well as the selection of the cooling/heating rate, the measurement itself, 
and the way to analyze and present the data, is shown in [13]. Reference 
[14] suggested testing samples with a constant mass and a low heating 
speed to approximate thermal equilibrium. Reference [15] proposed a 
new method for DSC that considers the partially melted phases, being 
able to determine an endset temperature independent of the heating 
rate. However, the dependence persisted for the onset point. The 
German quality association RAL has also recommended varying the 
heating and cooling rates to minimize the differences between the 
heating/cooling curves [15,16]. 

The small sample sizes required for DSC measurements can cause 
material homogeneity issues, especially for mixtures such as paraffin 
waxes. A review of several devices built to assess thermal-physical 
properties, such as the measurement of diffusivity and thermal con-
ductivity and enthalpy-temperature curves, is carried out by [17]. One 
of the methods developed for determining some thermophysical prop-
erties is the T-history method [18], later adjusted by [19] to obtain 
enthalpy-temperature curves. The T-history advantages are its relative 
simplicity and low cost and that, being a non-commercial device, it is 
possible to carry out a particular assembly according to the specific 
range of the application to be evaluated. On the other hand, when 
testing larger samples, crystallization is easier than with smaller sam-
ples, as those required by DSC. In particular, when testing PCMs with 
undercooling in a DSC, the maximum undercooling determined does not 
represent the PCM in an application [20]. DSC and T-history results are 
similar, with the advantage that the latter allows testing of non- 
homogeneous materials such as salt hydrates. Moreover, studies 
demonstrate this method's validity compared to DSC in materials such as 
paraffin waxes, salt hydrates, and fatty acids [21–24]. 

An adequate characterization of PCM is a requirement for numerical 
modeling. The most used approaches in the specialized literature since 
the 1970s are the effective heat capacity method and the enthalpy- 
porosity method. Although both are reasonably accurate, they also 
have inherent drawbacks. In the enthalpy method, handling super-
cooling and temperature swing problems is challenging. The effective 
heat capacity method must use a heat capacity curve determined at 
heating rates similar to the simulated experiment and ignores possible 
buoyant movement of the liquid, i.e., a purely diffusional problem is 
solved. It also has difficulties when the phase change temperature range 
is small, and it is not applicable for cases where the phase change occurs 
at a constant temperature [25]. 

A wide variety of heat transfer studies have been carried out in 
spherical and cylindrical containers. Reference [26] presents a numer-
ical and experimental study of the RT27 commercial paraffin unre-
stricted movement melting process in a spherical container. Their 
numerical simulations considered a multiphase VOF model in which 85 
% of the volume is initially filled with PCM on a two-dimensional 
axisymmetric domain. They used the enthalpy-porosity method with a 
value of the mushy zone constant C of 105. The thermophysical prop-
erties were those provided by the manufacturer; however, the article 
does not account for the determination of the variable values of the 

properties used, i.e., the thermal conductivity and specific heat, as well 
as the determination of the viscosity or the variation of density. 

In reference [27], experimental research on the melting process of n- 
octadecane using two approaches is presented: restricted movement (the 
PCM is prevented from sinking to the bottom of the container because 
the material remains attached to the thermocouples) and unrestricted 
movement (there are no thermocouples, so the solid PCM sinks due to 
gravitation). The experimental results were compared with the numer-
ical ones to understand the role of buoyancy-induced convection during 
restricted and unrestricted fusion within the spherical capsule. The 
thermophysical properties of the material were considered constant in 
both phases, using the Boussinesq approximation for modeling free 
convection. Results showed a fair agreement in the liquid fraction. There 
were, however, deviations in the thermocouple readings, which were 
believed to be caused by thermal stratification inside the bath in which 
the sample was dipped. A phenomenon related to the fusion of PCMs is 
the existence of simultaneous layers of thermally stable and unstable 
fluid along the axis of symmetry, discussed in reference [28]. At the top, 
the fluid layers are stratified horizontally, with the denser fluid below 
the lighter hot layers. At the bottom of the container, the axis of sym-
metry features recirculation cells that generate a hot column of liquid 
rising toward the bottom surface of the remaining solid PCM, which is 
corrugated as a result. 

In reference [29], an experimental rig is developed to measure the 
temperatures inside a cylindrical container filled with PCM (n-eicoi-
sane). The melting front during the heating of the PCM is graphically 
reported so that the results are used as a reference for the validation of 
numerical codes. They compared the results with a computational model 
using the enthalpy-porosity method. The thermophysical properties of 
n-eicoisane were obtained from other references in the specialized 
literature and were assumed to be constant with temperature except for 
viscosity. Comparisons between the experimental measurements and the 
numerical predictions for the melt front locations and the temperature 
data revealed reasonable overall agreement for Stefan numbers up to 
0.1807. Reference [30] develops numerical and experimental research 
of the melting process in a vertical cylindrical container filled with 
commercial RT27 paraffin whose melting interval was 26–28 ◦C. The 
VOF method was used to simulate the expansion of the PCM when 
melting, generating an interface between the PCM and air without 
interpenetration. The thermophysical properties were those indicated 
by the manufacturer, and dynamic viscosity was adjusted with a third- 
degree polynomial. In this study, the effects of the mushy zone con-
stant, the pressure-velocity coupling, and the pressure discretization 
schemes on the thermal behavior of the fusion process were analyzed. A 
quantitative agreement was obtained between the simulations and the 
experiments. However, this reference does not consider the variation of 
thermophysical properties with temperature, except for thermal con-
ductivity, which is modified to achieve more realistic results, without 
indicating how the new property values were obtained. The authors 
suggest using C = 108, considering the results for two different tem-
perature excesses ΔT. Still, it was not verified if this value would be 
recommended for a cylinder of different dimensions. 

In reference [31], a numerical study of the fusion and solidification 
processes inside a spherical container of n-octadecane using constant 
and variable thermophysical properties is presented. They used the 
enthalpy-porosity model and compared the results in 2 and 3 dimensions 
with those obtained numerically by [28]. The authors compiled the 
thermophysical properties of PCM from different sources. They find 
difficulties because there are few references in the literature of these 
properties at temperatures close to the phase change, especially density 
values in the solid phase, thermal conductivity of both phases and 
melting temperature. Moreover, there were significant discrepancies 
between the different sources in some cases. For instance, [32] found 
that impurities could modify the behavior of pure compounds such as n- 
octadecane, resulting in changes in the melting temperature and latent 
heat of fusion. These behavior changes can also occur by adding some 
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materials to improve the thermal properties [33,34]. The models eval-
uated by [31] considered a convection coefficient between the spherical 
cover and the water bath to avoid the stratification problems mentioned 
by [28]. They tested two values: one of them considering a high heat 
transfer rate between the water bath and the capsule and the other with 
a low heat transfer rate. However, the assumption of the values of the 
heat transfer coefficients became an additional source of discrepancies 
in the results obtained. The authors also considered a linear variation 
between the density and specific heat values in each phase, finding that 
the simulations were 8 % slower, assuming an increase in the latent heat 
of fusion according to the relationship between solid and liquid densities 
(ρs/ρl). It was found that this increase compensates for the change in 
properties between both phases, finding that the expansion in the fusion 
process is not very significant for this case. The simulations showed that 
the 3D model could reproduce flow patterns in the unstable thermal 
zone that cannot be simulated with a two-dimensional treatment. 
However, the global liquid fraction evolution does not appear to differ 
significantly between the 2D and 3D simulations. 

In reference [35], a critical review of the melting and solidification 
process inside a spherical capsule is carried out. They found that most 
studies were conducted at a fixed temperature, the simplest case 
describing the external thermal conditions. This approach does not 
guarantee an accurate calculation of practical heat transfer character-
istics for the available PCMs. Due to the lack of exhaustive and sys-
tematic experimental studies of heat transfer during the melting and 
solidification process, the authors suggested that future research be 
oriented in three main fields:  

(i) The thermophysical properties should be measured reliably, 
including melting point, heat of fusion, thermal conductivity, 
density, specific heat in the solid and liquid state, as well as the 
viscosity in the temperature region near the melting point. 

(ii) When investigating mixtures, their properties, particularly vis-
cosity, must also be accurately measured since an incorrect 
parameter value can contribute significantly to a deviation of the 
numerical results from the experimental data.  

(iii) The presentation of the results in graphical and tabular form is 
recommended, as well as the production of the results in 
dimensionless form. 

One of the main challenges in PCM numerical simulation is dealing 
with density values during the phase change. Most models described in 
the literature consider the Boussinesq approximation to model the ef-
fects of natural convection in the liquid phase. That is, density is deemed 
constant except in the buoyancy term of the momentum equation, where 
its difference with a reference value is considered proportional to tem-
perature difference. This neglects the volumetric variation of the PCM 
on fusing, which could be between − 8.3 % and 22 % [36]. 

The variability of properties with the rate of heating/cooling in DSC 
has also been studied in several works. In reference [37], the Cp-T re-
lationships at heating rates of 10 ◦C/min and heating/cooling rates of 
0.2 ◦C/min are experimentally determined. They modeled the system by 
comparing both curves of the effective heat capacity, finding that the 
error in the determination of the PCM temperature in the numerical 
model decreased from 10.5 % to 3.5 % for the lowest speed and from 
19.5 % to 3.0 % concerning the experimental results, for the unloading 
and loading processes respectively. 

Reference [38] evaluates experimentally and numerically a wall with 
PCM to provide data for the validation of building energy performance 
simulation tools. For this study, three Cp curves obtained by DSC under 
different experimental conditions were considered to evaluate the ef-
fects of the complete and incomplete phase transition and the modeling 
of hysteresis in the material. It was found that more advanced modeling 
of the phase change allows the results to be consistent with the ther-
mophysical phenomena of the composite PCM under actual conditions 
and achieves more reliable results. 

More recent works on this matter are related to the phase change 
phenomenon under different container configurations. In [39], a nu-
merical analysis of PCM melting with internal/external fins serves to 
study the effect of varying fin designs on the phase change behavior. 
Similar work is presented in [40], where differently shaped containers 
are considered in the melting process of different PCMs. Other works, 
such as [41], evaluate using different PCMs inside the same container, 
but in separated chambers. Various geometrical configurations are 
proposed and evaluated by numerical simulation. 

It is difficult to find a consensus for modeling applications of latent 
energy storage, mainly due to the physicochemical characteristics of the 
materials and the lack of a specific standard for the measurement of 
properties. The literature review above indicates that the research on the 
fusion of PCMs is approached considering approximately constant 
properties, or only some of them variable with temperature. In addition, 
the numerical models consulted scarcely consider that the heat rate at 
which calorimetry is performed directly affects the values of the prop-
erties being measured. Despite the variability of the results in deter-
mining properties, the enthalpy-porosity method seems to fit in each 
case. However, the lack of agreement in liquid fraction curves and fusion 
fronts is noticeable, even for cases with a low average difference. 

This research seeks to contribute to the question by systematically 
investigating how the values of thermophysical properties determined 
by calorimetry (DSC) must be used in the numerical model of the 
melting process of a paraffin-type PCM in cylindrical containers through 
the enthalpy-porosity method. In addition, results considering a variable 
density and the ensuing expansion, modeled by the volume-of-fluid 
(VOF) method, are compared with those assuming the Boussinesq 
approximation to determine if the simplification is justified concerning 
computational savings. Finally, scenarios with different values of the 
constant of the mushy region are evaluated to ascertain its role in the 
numerical modeling of the process. This kind of systematic study has not 
been reported previously in the literature, where apparently blind 
confidence in the enthalpy-porosity method dominates many 
investigations. 

The research uses experimental values by DSC, T-history, and other 
determinations of properties, to compare measurements collected dur-
ing fusion visualization tests with the results of their numerical simu-
lation employing the implementation of the enthalpy-porosity method 
included within the framework of the CFD methods of the Fluent code 
2020 R2 [42]. Results indicate that there is no simple rationale to assure 
good agreement with experiment under all circumstances. Moreover, 
the constant of the mushy region has a determining influence, and it is 
not possible to develop indications for a proper selection, which seems 
situation-dependent. 

The paper concludes by preliminarily discussing possible factors that 
contribute to this lack of accuracy of the enthalpy-porosity method, the 
consequences for the computation of practical systems, and the possible 
approaches to developing more accurate models. 

2. Experimental work 

2.1. Determination of thermophysical properties by differential scanning 
calorimetry 

For the experimental work, the commercial paraffin RT45 distrib-
uted by Rubitherm Technologies GmbH was used, which has a declared 
temperature range for melting between 41 ◦C and 46 ◦C. The DSC 
technique was used to determine the latent heat of fusion, the start and 
end temperatures of the phase change, as well as the values of the spe-
cific heats. Unlike a pure material where the phase change occurs at a 
constant temperature, commercially available PCMs for thermal energy 
storage applications are manufactured from mixtures of different com-
pounds, and the fusion develops over a range of temperatures. To carry 
out the calorimetry, the DSC 250 equipment (TA Instruments) of the 
Discovery series was used, with an RCS90 refrigeration system which 
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allows tests to be carried out in a range between − 90 ◦C and 550 ◦C. The 
experiments were conducted with 5 to 6 mg of RT45 under Nitrogen 
(N2) atmosphere with a flow rate of 50 ml/min. The DSC 250 works in a 
temperature range from − 180 ◦C, with an accuracy of ±0.05 ◦C and a 
temperature precision of ±0.008 ◦C. 

DSC determines the amount of heat a sample absorbs when the 

temperature varies. The temperatures in both the sample and the 
reference are monitored during the process. A temperature difference is 
used to determine the heat flux between the sample and the oven [43]. 

The determination of thermophysical properties in PCMs presents 
some difficulties from the experimental point of view, since they can 
present subcooling, hysteresis, and crystallization, all of which make it 
difficult to interpret the values determined. For calorimetry, there is the 
problem of the small size of the samples that are examined, and differ-
ences between the results may appear due to poor homogeneity of the 
material. Additionally, the results could vary when considering different 
heating or cooling speeds during the tests. The experimental determi-
nation of the thermophysical properties was carried out based on the 
ASTM D4419 standard [4]. For this, heating rates of 20, 10, 5, 1, and 
0.5 ◦C/min were used: the procedure is described in more detail in [44]. 
For the tests, the samples of the sealed material were placed inside a 
crucible next to an empty reference crucible, which was simultaneously 
subjected to a temperature program at a given heating rate. At the same 
time, the difference in heat flow between the two was monitored. For the 
determination of the specific heat, the procedure indicated in the ASTM 
E 1269 standard was used [45]. Fig. 1(a) shows the experimental results 
obtained. Variation of the heat flow with the heating rate is observed, 
which generates a shift in the peak of the transition, as well as in the 
initial and final values of the phase change. The heat flow could be 

Fig. 1. DSC results for different heating rates. a) Heat flow b) ASTM heat capacity.  

Fig. 2. DSC thermogram obtained at a heating rate of 5 ◦C/min.  

Fig. 3. (a) PCM fusion experimental set-up. (b) Identification of liquid and solid areas by photography.  
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normalized by dividing by the respective sample mass of each experi-
ment. Fig. 1(b) shows the specific heat computed with the heat flow and 
the temporal variation of sample temperature. Two solid-phase trans-
formations are observed before fusion occurs. For the lower heating 
rates, it is observed that the peak of specific heat becomes larger and 
larger, approaching the condition of thermodynamic equilibrium. There 
is also evidence of a slight shift of the curves to the left. 

The points to determine the beginning and end of the phase change, 
the enthalpy, and the phase change temperature, are described in an 
example DSC thermogram, Fig. 2, obtained at a heating rate of 5 ◦C/min. 
In it, two peaks can be seen during heating: a smaller peak that corre-
sponds to a solid-solid phase change at a temperature of 28.7 ◦C and a 
higher peak at 44.6 ◦C, which is the melting point of the material at this 
rate, at which the phase change from solid to liquid occurs. The value of 
the beginning of the phase change can be identified, defined as the 
intersection between the tangent to the maximum upward slope of the 
peak and the baseline of the extrapolated sample. The end of the phase 
change can be obtained in an analogous way. The latent heat of fusion L 
(kJ/kg) is computed from the integration along time of the heat flow 
curves, from the start to the end of the main peak. 

2.2. PCM fusion experiments in cylindrical containers 

Fig. 3 shows a diagram of the experimental set-up developed for 
capturing the molten fraction inside the PCM and its evolution. The 
assembly consisted of a water tank, a glass test tube, temperature gauges 
(type K thermocouples), a thermal bath, PID control for the electric 
heater, and an 8-channel data acquisition system. The water was kept at 
a uniform temperature during the experiments by constant stirring 
(electric stirrer not shown). Three different temperatures were used 
inside the tank with water, 50, 55, and 60 ◦C. Once the uniform tem-
perature of the test in the tank is reached, the cylindrical container 
partially filled with solid PCM RT45 is introduced to a determined 
volume. 

The fusion profile tracking was made employing a DSLR Nikon 
D5200 camera, taking photographs every 5 s from the immersion of the 
sample in the thermal bath. Artificial lighting was placed on the back of 
the assembly to obtain a better contrast in the photographs. The solid 
area is easily distinguishable from liquid, being the latter transparent, as 

shown in Fig. 3(b). The molten fraction inside the sample was calculated 
with commercial CAD software, determining the proportion of the solid 
profile area of the sample with respect to the total sample area occupied 
by the PCM. 

3. Numerical modeling 

3.1. Physical model and numerical solution 

A numerical model of the melting process was developed for a ver-
tical test tube of 3 cm diameter filled with solid PCM without restriction 
of movement during the process, with an excess temperature ΔT of the 
water bath of 5, 10, and 15 ◦C above melting. 2-D axisymmetric 
behavior was assumed. A sketch is shown in Fig. 4. The length xL is the 
height to which the tube is filled with solid PCM, and Wh is the level that 
the specimen was immersed to in the thermal bath. In the model, a 
uniform boundary temperature equal to that of the bath is considered up 
to the Wh level as well as at the bottom of the test tube. The lateral wall 
above Wh was at room temperature (27 ◦C), while the upper part of the 
domain was open to the atmosphere (pressure-outlet boundary condi-
tion) with an outside temperature of 27 ◦C. For our experiments, xL =

0.16 m and Wh = 0.2 m (Total height = 0.235 m). 
The enthalpy-porosity method was used together with the volume- 

of-fluid (VOF) approach considering the liquid and solid phases within 
the domain, separated by an interface with air initially located at the 
level xL [46]. This approach allows the increase in volume as the PCM 
melts. The air was modeled assuming a density-temperature relation for 
air: ρ = 1.2 × 10− 5 T2 – 0.01134 T + 3.4978. 

Two approaches for density are considered: (i) a linear variation in 
the mushy region from 880 kg/m3 at Ts to 770 kg/m3 at Tl. (ii) the 
Boussinesq approximation for the liquid phase, in which the density 
varies only considering the buoyancy term in the momentum equation, 
thus: ρ = ρ0(1– β ΔT), where ρ0 is the reference density in the liquid 
phase, and β is the thermal volumetric expansion coefficient. The density 
in liquid and solid phases is considered constant, with 770 kg/m3 and 
880 kg/m3, respectively. The initial temperature of the whole domain is 
27 ◦C. 

The enthalpy-porosity method has been widely used to model the 
melting/solidification process inside PCM containers where natural 
convection is significant. Representing the real physics demands to track 
the variable phase interface, coupled with the calculation of energy 
balances and temperature. This is extremely costly in terms of compu-
tational resources, so an artificial fixed-grid method is used. In a fusion/ 
solidification problem for a fixed domain, the momentum equation has 
to be modified to consider the transition between the liquid and solid 
phases, guaranteeing that the velocities are zero in the latter. The main 
method to achieve this is to introduce a source term (Su) of a great 
magnitude into the momentum equation: 

∂
∂t
(ρui)+

∂
∂xj

(
ρujui

)
= −

∂p
∂xi

+ μ ∂2ui

∂xj∂xj
+ ρgi + Su (1)  

where ρ is density, and μ is dynamic viscosity. The term Su modifies the 
moment balance depending on the phase. It varies from a high value 
imposing complete rest on the solid region, to a limit value of zero when 
the material becomes completely liquid. Moreover, this method was 
developed for alloys, wherein a two-phase liquid-solid region of inter-
mediate composition appears. When dealing with the model of a 2D or 
3D geometry, it is referred to as the “mushy” region, and determining its 
position/shape forms a part of the numerical problem. 

Within this context, the source term of Eq. (1) is defined as 

Su = − A(γ)ui (2) 

Here, A (γ) is the porosity function defined by Brent [47], which 
allows the moment equation to mimic the behavior of the flow in the 
mushy region of the PCM, defined by the Carman-Kozeny equation 

Fig. 4. Numerical model at t = 0.  
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derived from Darcy's law for a porous medium [22]: 

A(γ) =
C(1 − γ)2

γ3 + q
(3)  

where γ is the liquid volume fraction and C is the constant of the mushy 
zone, which depends on its morphology; large values make the damping 
of velocity stronger and thus a thin mushy region, approaching the sit-
uation of a pure substance. Values between 104 and 107 are recom-
mended for most applications, although no well-based and general 
recommendations have been given for PCMs, whose phase behavior is 
presumably different from that of alloys. The constant q (0.001) is 
introduced to prevent division by zero. For the energy balance as a 
function of the liquid fraction and other details of this model, see Voller 
[48]. 

In order to introduce the dependence of liquid viscosity on temper-
ature, the property was determined using a Hoppler viscometer, for 
which four measurements were made at 46, 50, 55, and 60 ◦C. A 
regression of the average results was determined and used in the model: 

μl = 2.283× 10− 7 T3 − 3.501× 10− 5 T2 + 0.001734 T − 0.02587 (4) 

The numerical model based on the enthalpy-porosity method avail-
able in the ANSYS Fluent 2020 R2 code is used. For the spatial dis-
cretization of the model with 3 cm diameter, a structured mesh of 
12,880 elements was chosen, while for the model with 2.2 cm diameter, 
a mesh of 6820 elements was chosen, which were selected after a study 
of grid convergence that will be discussed in the results section. For the 
spatial discretization of the equations, the Quick scheme was used to 

solve the momentum equation; the compressive scheme was adopted for 
the volume fraction and the Quick scheme for the energy equation. The 
PRESTO! scheme is used for pressure, coupled with velocity using the 
SIMPLE algorithm. A bounded, second-order implicit formulation was 
used for the transient calculation, and a constant time step size of 0.03 s 
was considered, with which independence in the results was achieved 
and was applicable in most cases without convergence problems [46]. 
This set of modeling choices follows the recommendations of [30]. 

All surfaces of the domain seen in Fig. 4 are assumed to obey the non- 
slip condition for fluid flow, except the top one, where an exit condition 
on pressure is specified, which allows air flow in both directions (only in 
the case of the VOF model). At t = 0, the solid PCM and the air are at 
room temperature, and the base and the lateral surface of the test tube 
up to immersion height Wh are put at the water temperature. A wall 
thickness model considers the conduction in the glass (thickness of 
0.002 m). Ambient temperature is imposed on the lateral surface be-
tween Wh and the top of the tube. 

During the calculation, the interface between the PCM and the air 
was tracked using the VOF method with an explicit formulation without 
phase interactions. The mushy zone was tracked using the enthalpy- 
porosity method between Ts and Tl. The formulation assumes that in 
the mushy region, the porosity is equal to the liquid fraction of the cell 
and that the fluid and solid velocities are equal in that region. Also, that 
the liquid fraction varies linearly with temperature [49]: 

γ =
T − Ts

Tl − Ts
(5)  

Fig. 5. Variation of the temperatures of start, end, and phase change for different heating rates.  

Table 1 
Thermophysical properties used for the numerical models.  

Case 1 2 3 4 5 6 7 

Heating rate [◦C/min] n.a.  20  10  5  1  0.5 T-history 
Ts [◦C] 41  40.0  39.0  38.6  38.4  38.2 37 
Tl [◦C] 46  50.9  50.9  46.9  45.6  45.4 47 
Tm (main peak) [◦C] 44  46.3  43.6  44.6  43.6  43.5 45 
L [kJ/kg] 160  121.73  126.14  129.56  133.37  137.63 164.45 
Cp,s [kJ/kg‧K] 2  3.4  3.4  3.4  3.4  3.4 4.35 
Cp.l [kJ/kg‧K] 2  2.2  2.2  2.2  2.2  2.2 2.22 
kl [W/m•K] 0.2  0.156  0.156  0.156  0.156  0.156 0.156 
ks [W/m•K] 0.2  0.234  0.234  0.234  0.234  0.234 0.234 

Case: Case studied Heating rate [◦C/min]: the velocity of the heating for the tests n.a.: n.a.: not available (case 1 with manufacturer data) T-history: Experimental 
technique T-history. 
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4. Results 

4.1. Experimental results 

For the thermophysical properties measured by calorimetry, the 
strategy was to carry out five tests at heating rates of 0.5, 1, 5, 10, and 
20 ◦C/min and average the results obtained for each of three repetitions 
of the tests. Fig. 5 presents the variations in the measurements of the 
start, end, and transition temperatures obtained by DSC with respect to 
the latent heat of fusion (L). The standard deviation of the solidus 
temperature (Ts) values for the measurements of 0.5, 1, 5, 10, and 20 ◦C/ 
min were 0.06, 0.4, 0.1, 0.05, and 0.04, respectively. In the same way, 
for the end (Tl) of the phase change, standard deviations of 0.15, 0.06, 
0.25, 0.26 and 0,19 were obtained. The different experimental mea-
surements for the same heating rate seem quite consistent. The average 
values obtained for each property are presented in Table 1. For the heat 
of fusion, standard deviations of 1.1, 4.6, 1.3, 2.3, and 1.4 were obtained 
for the heating rates mentioned above, respectively. 

The calorimetric measurements on the PCM were made using an 
average of 6 mg of sample. Global results are summarized in Table 1, 
which provides additionally the values given by the manufacturer. 
Additionally, the values of the properties obtained using the T-history 
method, as described in [44], were used in the computation. 

In order to ascertain the thermal conductivity of the PCM, an 
experimental evaluation of the property was carried out following the 
procedure indicated in the ASTM D5334-08 standard, for which the 
TK04 equipment was used, whose precision is 2 %. The principle of 
measurement is based on introducing a needle probe into the sample, 
which is subsequently heated with a constant power while recording the 
temperature increase over time within the source. To counteract the 
effects associated with the poor homogeneity of the material, 11 mea-
surements were made in solid state at 27 ◦C (see Fig. 6), with an average 
value of 0.234 W/m•K. Tests were carried out varying the temperature 
above the phase change temperature by means of a thermal bath, in 

order to obtain the thermal conductivity in the liquid state; however, it 
was difficult to achieve thermal equilibrium except in one of the tests at 
58 ◦C, for which the value resulted in 0.156 W/m•K. 

For the numerical models, the thermal properties indicated in 
Table 1 were used, as well as the values of the viscosity and thermal 
conductivity obtained experimentally. In the case of the data supplied by 
the manufacturer, a constant value of 0.2 W/m•K is considered for 
thermal conductivity in both phases. In the case of T-history, the data 
obtained in the conductivity tests are used. For the measurement of the 
T-history, special-class type K thermocouples with an accuracy of 
±0.1 ◦C were used. 

Results for liquid fraction evolution during the fusion of the PCM 
RT45 are shown in Fig. 7. A similar pattern can be observed for each ΔT 
between the two sizes; however, the melting time for the larger test tube 
is doubled compared to the smaller test tube. 

Evolution of the fusion contours obtained experimentally for the test 
tube with a diameter of 3 cm is shown in Fig. 8, representing the unitary 
solid fraction contours measured over time. The graph shows that the 
physics is not entirely axisymmetric, surely influenced by convective 
currents of the liquid within the sample. 

As it is evident, for a smaller temperature difference between the 
wall and the sample, the process takes longer. In general terms, the same 
pattern of evolution with time is observed for all the experiments. 

4.2. Numerical results 

This section compares the numerical results obtained using different 
thermophysical properties of the PCM, as detailed in Table 1, while it is 
subjected to a fusion process inside a test tube. For this, different mesh 
sizes were considered for testing numerical error and grid independence. 
Fig. 9 shows the results for the test tube of 3 cm diameter. A growing 
number of elements was tested, 3290, 6720, 12,880, and 26,840. Nu-
merical results of the molten fraction and a virtual thermocouple located 
in the middle axis at 6 cm from the base of the test tube are plotted. 

Fig. 6. Experimental measurement of PCM thermal conductivity in solid state.  

Fig. 7. Measured liquid fraction vs. time for different excess temperatures ΔT of the bath and test tube diameters.  

A. Martínez et al.                                                                                                                                                                                                                               



Journal of Energy Storage 69 (2023) 107876

8

Results show significant discrepancies and chaotic behavior in PCM 
temperature in the case of 3290 elements, whereas all results stabilize 
for progressively denser grids. Consequently, intermediate values of 
6720 and 12,880 elements were chosen for the numerical computations 
with diameters of 2.2 and 3 cm. 

The numerical results show that the constant C of the mushy zone 
plays a determining role in the experimental agreement of the numerical 
predictions. Fig. 10 shows an example for the test tube of diameter 2.2 
cm. It indicates that, as the constant value is increased, the melting of the 
PCM is delayed. It is also evident that special care is needed in selecting 
its value. With proper adjustment, total fusion time can be predicted. 
However, the evolution of the liquid fraction can be only approximated, 
with no ability whatsoever to predict the observed changes in temporal 
slope. Further details on C value selection are discussed below. 

Fig. 11 shows the results for the melted fraction using C = 106 for the 
case ΔT = 15 ◦C. Those obtained considering a variable density agree 
better in general terms with the experimental results than those 

obtained using the Boussinesq approximation. However, the latter is 
found to mimic very well the experimental results with the T-history 
values of the properties and those at a heating rate of 20 ◦C/min. 

Fig. 12(a) shows the results for ΔT equal to 10 ◦C in which a constant 
C of 107 was considered, while Fig. 12(b) shows some results for ΔT 
equal to 5 ◦C with a constant C of 107 and 108, since the discrepancies 
with the experimental results were greater if a single value for C was 
used. 

Fig. 12(a and b) compares numerical and experimental liquid frac-
tion results for the case of ΔT = 10 ◦C. The results vary in a wide range, 
predicting that the fusion occurs 27 % before or after the experimental 
time in some cases. In this case, it is also observed that none of the 
numerical curves for a ΔT of 10 ◦C fits as well as for the case ΔT = 15 ◦C. 
The curves that presented the best fit in this case were those with the 
properties obtained with 10, 5, and 0.5 ◦C/min with variable density 
and, in the case of T-history, with the Boussinesq density. It is also 
possible to show that they fit better for the simulated data set when C =

Fig. 8. Graphical evolution of the fusion contours according to excess temperature in the walls.  
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107 (b) is used instead of C = 106 (a). 
The case with a ΔT of 5 ◦C of Fig. 12(c and d) shows that the nu-

merical results do not agree with the experimental data so well, although 
in some cases, the start and end of the phase change are close. This case 
of the slower melting studied makes it evident that the numerical results 
cannot predict the variations of the curvature exhibited by the experi-
mental curve. 

In order to compare the experimental fusion profiles with the nu-
merical ones, the cases with the best fit for each excess temperature were 
selected. Figs. 13, 14, and 15 present graphically the evolution of the 
molten fraction of the PCM in the test tube with a diameter of 3 cm. For 
each ΔT, the results of the 4 cases that best fit the experimental data are 
shown. The first moments of fusion in each case exhibit a realistic 
behavior, as well as the upper part of the fusion front. However, for-
mation of dendrites is appreciated in the lower part of the solid PCM. 
This is the same numerical artifact observed in [28,31], due to the 
simplification of the boundary condition as a uniform wall temperature 
for representing the external heating. In this case, the magnitude is more 

appreciable, perhaps because an isothermal angled boundary will arti-
ficially induce a very large heat flux at the corner, at least during the first 
instants, when diffusion dominates. As studied in [31], it is intricate to 
solve this question via simple expedients, such as a uniform convective 
coefficient. A more accurate representation is needed, which would be 
indeed very difficult for a stirred water bath. 

On the other hand, the formation of dendrites is also strongly 
influenced by the constant C, as seen in Fig. 16, which shows the evo-
lution of the fusion contours for a diameter of 2.2 cm, varying C from 104 

to 108. In order to reduce the variability in the results shown, the same 
data set was considered for the thermal properties obtained at a heating 
rate of 20 ◦C/min and variable viscosity for all models. It is observed that 
with a value of 104, it presents the most realistic contours. However, in 
this case, the numerical fusion occurs much faster than in reality, as 
evidenced in Fig. 10. Starting from C = 105, the formation of dendrites 
appears, increases up to C = 106, and then decreases as the value of the 
constant is increased. However, when increasing C beyond 108, no sig-
nificant variation is observed in the curves and fusion contours, 

Fig. 9. Numerical results of grid independency for fused fraction (left) and PCM inner temperature (right).  

Fig. 10. Effect of the parameter C in the numerical model.  
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Fig. 11. Numerical results with C = 106 for different cases, assuming a) variable density b) Boussinesq approximation.  

Fig. 12. Comparison of numerical and experimental results for liquid fraction (VD = variable density, BD = Boussinesq density), (a) ΔT = 10 ◦C and C = 106, (b) ΔT 
= 10 ◦C and C = 107, (c) ΔT = 5 ◦C and BD, (d) ΔT = 5 ◦C and VD. 
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indicating that the practical limit of a pure material has been attained. In 
any case, as can be appreciated in Figs. 13-16, the dendritic region is 
restricted to less than one diameter height at the bottom of the test tube. 
Thus, the discrepancies seen, e.g., in Fig. 10, cannot be explained based 
solely on the artifact. 

It is evident that the internal parameter C of the enthalpy-porosity 
model significantly influences the representation, and it is not clear 
how to choose a value that gives accurate results independently of other 
parameters. Also, the appearance of numerical artifacts is worst for 

larger ΔT (faster melting) and under the Boussinesq approximation, 
which indicates that it is linked to the modeling of the liquid formation 
and natural flow, in turn, influenced by the representation of phase 
change. 

Finally, 3D patterns are observed, although, as seen in Figs. 13-15 
and in accordance with previous literature [31], they are slight and don't 
justify a costly 3D numerical simulation. 

During the numerical simulations, around 100 cases were evaluated 
varying the thermophysical properties of the material, considering a 

Fig. 13. Graphical evolution of the numerical molten fraction compared to experiment (ΔT = 15 ◦C).  

Fig. 14. Graphical evolution of the numerical molten fraction compared to experiment (ΔT = 10 ◦C).  

Fig. 15. Graphical evolution of the numerical molten fraction compared to experiment (ΔT = 5 ◦C).  

A. Martínez et al.                                                                                                                                                                                                                               



Journal of Energy Storage 69 (2023) 107876

12

variable or a constant density through the Boussinesq approximation. 
The boundary condition on the walls of the PCM container was varied by 
testing different ΔT. Different values of the constant of the mushy region 
were also tested. However, in none of the cases was it possible to achieve 
a generalization that is valid for all the results of the measurements. 

4.3. Discussion 

The results reveal that the constant of the mushy region in the 
enthalpy-porosity model affects the accuracy of the numerical simula-
tion of the fusion of paraffin-type PCMs, and there are significant dif-
ferences compared to experimental data when examining the melting 
patterns. No clear indications on how to choose the constant value for a 
given situation can be inferred from this study. 

Future research directions and possible underlying effects could be as 
follows. It is worth noting that paraffins often exhibit multiple solid 
phases, which are observed in Figs. 1 and 2 and have been reported in 
the literature [50,51]. These transitions result from changes in molec-
ular chain structure, geometry, and interactions, and involve low tran-
sition enthalpies, as appreciated in the figures. As a result, the curve 
representing a thermal magnitude during the solid-phase change ex-
hibits a continuous variation of slope rather than a plateau as during 
fusion or solidification. This suggests a solid phase evolution before 
fusion occurs, and the enthalpy-porosity model cannot accurately 
represent it. 

One possible alternative is to adjust the curve of effective specific 
heat versus temperature, which has been attempted previously but with 
limitations, only considering the main solid-liquid peak, and with the 
restriction of a merely diffusional problem also in the liquid. Also, DSC 
values depend on sample size and heat rate, requiring adjustment to the 
experiment or system being modeled. A combination of both methods 
may be a promising route, involving a universal variation of Cp repre-
senting all phases and an enthalpy-porosity technique that accounts for 
temperatures and latent heats from all transitions. 

5. Conclusions 

Numerical simulations of phase change in PCM materials are critical 
in investigating transient processes and systems. To achieve this, it is 
necessary to conduct an adequate thermal characterization of the ma-
terials' properties and their temperature dependence. This study aimed 
to investigate the impact of DSC-determined thermophysical properties 
of PCMs and inner, arbitrary parameters of enthalpy-porosity models on 
numerical simulations of phase change. The scenarios were evaluated 
using both the Boussinesq approximation and density variation with 

temperature. Additionally, the constant for the mushy zone was varied 
to compare melting curves in contexts closer to the beginning and end of 
the phase change. The obtained results were compared with experi-
mental measurements, where the temperature of the thermal bath was 
varied between different experiments. 

The main conclusions are:  

• The results indicate that the enthalpy-porosity model is highly case- 
dependent when studying the PCMs considered in this work. Despite 
the exhaustive simulation campaign and characterization of ther-
mophysical properties, with consideration of their temperature 
dependence, inconsistencies are evident in the model's ability to 
represent the physical phenomena observed experimentally in the 
various scenarios considered.  

• It was found that the mushy zone constant of the porosity-enthalpy 
model is a major influence and cannot be universally adjusted to 
make numerical predictions agree with measurements. In particular, 
not only fusion times, but also the solidification patterns and liquid 
fraction time graphs exhibit notable, non-reducible disagreement. It 
seems not to be a simple and universal rationale to recommend a 
value of this constant applicable to a particular operating condition.  

• Consequently, the enthalpy-porosity model for phase change of 
paraffine PCMs must be carefully considered in basic and applied 
studies.  

• It is suggested tentatively that those difficulties may be due to the 
existence of multiple solid phases of the paraffin wax. This phe-
nomenon is well documented and is not represented by the enthalpy- 
porosity model.  

• Future developments may be tentatively based on alternative 
methods, such as representing the effective specific 
heat–temperature relationship, as determined by DSC, a multiple- 
phase enthalpy method, or a combination. All of them will de-
mand, in any case, further adjustment and development. 

Nomenclature 

C mushy zone constant, kg/m3 

cp specific heat, J/kg K 
ceff effective heat capacity, J/kg K 
D tube diameter, cm 
g gravitational acceleration, m/s2 

p pressure (Pa) 
L latent heat of fusion, kJ/kg 
k thermal conductivity, W/m-K 
S source term in equation of momentum 

= 104 = 105 = 106 = 107 = 108

Fig. 16. Graphical evolution of the fusion contours varying the mushy zone constant.  
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T temperature, ◦C 
t time 
Wh immersion height, m 

Greek symbols 

μ viscosity, kg/m-s 
ρ density, kg/m3 

γ melt fraction 
ΔT temperature difference, ◦C 

Subscripts 

l liquid 
m melting 
s solid 
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