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Abstract: The impact of the mushy zone parameter (A,;;s,) and the chosen numerical model during
the solidification of a commercial paraffin-type phase change material (PCM) in a vertical cylinder
under T-history conditions was examined through numerical simulations. The cooling process
was modeled using three methods implemented in the CFD software ANSYS Fluent 2020 R2: the
enthalpy-porosity method, the apparent heat capacity (AHC) method, and a new model proposed by
the authors which incorporates heat capacity directly into ANSYS Fluent. To accurately define the
boundary conditions, radiative heat transfer between surfaces was taken into account. Furthermore,
the influence of the mushy zone parameter on the simulation accuracy and solidification rate was
investigated, with the parameter being treated as a function of the liquid fraction. The results indicate
that the proposed model aligns closely with experimental data regarding cooling temperature,
offering better predictions compared to the other models. It was observed that temperature varies
with time but not with position, suggesting that this model more effectively satisfies the lumped
system condition—an essential characteristic of the T-history experiment—compared to the other
methods. Additionally, the analysis showed that a higher mushy zone parameter enhances the
accuracy of simulations and predicts a shorter solidification time; approximately 11% for the E-p and
7% for the AHC model. Using a variable mushy zone parameter based on the liquid fraction also
produced similar results, resulting in an increased solidification rate.

Keywords: phase change material; variable mushy zone parameter; solidification; numerical
simulation; paraffin-type PCM

1. Introduction

Among renewable energy technologies, converting solar energy into thermal energy
is currently one of the most widely adopted methods [1-4]. To maximize the efficient use
of renewable energy in daily life and industrial applications, thermal energy storage tech-
nology is often necessary to stabilize energy output and ensure its effective utilization [5].
Phase change materials (PCMs) possess a robust capacity for energy storage and exhibit a
noteworthy ability to maintain a consistent temperature while absorbing or releasing heat.

Numerous studies have investigated the solidification process of PCMs within a
range of encapsulation geometries, including spheres, rectangular enclosures, and hori-
zontal cylinders [6-12]. The melting and solidification behavior of a PCM with oscilla-
tions initiated at different times was investigated by Liu et al. [13]. They examined the
effects of oscillation frequency and amplitude on melting performance and found that
oscillation accelerates the phase transition process by enhancing convective heat transfer.
Afaynou et al. [14] investigated the melting behavior of a PCM combined with metal foam
and nanoparticles in a rectangular heat sink. The study examined the effects of various
parameters, including porosity, nanoparticle concentration, and the type of metal foam.
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Results indicated that a PCM/copper foam composite with high porosity and low PPl in
the heat sink achieved a high heat transfer rate and a more uniform melting process. Addi-
tionally, using metal foam alone significantly improved the melting performance, while
the inclusion of nanoparticles had a negative impact on the PCM’s melting performance.
Medjahed et al. [15] evaluated the thermal performance of a small-scale latent heat thermal
energy storage (LHTES) model using beeswax as the PCM within a horizontally oriented
shell-and-tube heat exchanger. Their findings showed that the discharging duration was
significantly longer than the charging time, attributed to the gradual formation of a solid
PCM layer around the exterior surface of the heat exchanger. Dardouri et al. [16] studied
the effects of increasing the mass proportion of a paraffin and beeswax composite (PBPCM)
within plaster. Key parameters—including density, thermal conductivity, specific heat ca-
pacity, thermal diffusivity, and latent heat—were experimentally analyzed. Results showed
that increasing the PBPCM mass fraction in plaster reduced its thermal conductivity by
more than threefold while enhancing heat retention, particularly by increasing the specific
heat capacity. Zhao et al. [17] provided insights into promising thermal energy storage
technologies for renewable energy applications aimed at achieving carbon neutrality. They
first explored the relationship between renewable energy and thermal energy storage,
followed by an introduction to the classifications of thermal energy storage systems and
Carnot batteries. Reference [18] presents a systematic review of form-stable PCMs with re-
cyclable skeletons, offering valuable insights for reducing carbon emissions and advancing
sustainable energy development. The study examines the impact of recyclable skeletons
on the thermophysical properties of form-stable PCMs. Kapilow et al. [19] conducted an
experimental study on the melting and solidification of PCMs within a small-diameter
vertical cylinder operating under convective boundary conditions. They employed air as
the heat transfer fluid and studied the impacts of different air velocities and temperatures
in their investigation. A three-dimensional model for evaluating various aspects of the
discharge of a phase change material (PCM) enclosed within a vertical cylindrical enclosure
was developed by Izgi and Arslan [20]. The computational model considers the influence of
natural convection. Their findings show that natural convection plays a substantial role in
the initial stages of the freezing process. Conduction subsequently becomes the dominant
mechanism throughout the entire process. Furthermore, they reported that the diameter of
the cavity significantly affects the freezing process, whereas changes in the cavity height do
not have a noticeable effect.

Computational fluid dynamics (CFD) is an influential tool particularly adept at ad-
dressing complex, nonlinear problems involving the concurrent presence of mass, heat, and
momentum transfer [21]. Consequently, it proves invaluable for simulating the thermal
behavior of PCMs. The leading commercial CFD software packages include Ansys Fluent
and COMSOL Multiphysics. Ye et al. [22] applied Ansys Fluent software 12 to research
the fluid flow and heat transfer within a plate-fin unit. Ansys Fluent’s solidification and
melting model is based on the enthalpy—porosity method, which is a widely employed tool
for investigating phase change phenomena. Nowadays, substantial research efforts have
been dedicated to utilizing this model, yielding valuable agreements with experimental
findings [23-26].

Numerical phase change models in the literature are generally categorized into
two main groups: fixed-grid (or continuum) models and variable-grid (or two-phase)
models [27]. Fixed-grid models apply a single computational domain where continuity,
energy conservation, and momentum equations are used uniformly across the entire do-
main. In contrast, variable-grid models use separate computational domains for the solid
and liquid phases, coupled through transfer terms between the phases [28]. As a result,
fixed-grid models are simpler to implement than variable-grid models, while still provid-
ing accurate results [29]. Nazzi Ehms et al. [30] provide a clear classification of fixed-grid
models for the solidification and melting of PCM, organized by latent heat modeling and
velocity transition modeling. Latent heat models, applied within the energy equation, can
be based on a source term, enthalpy, or temperature. Temperature-based models are further
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categorized into three types: apparent heat capacity, effective heat capacity, and heat inte-
gration. Additionally, velocity transition models are classified into three main groups: the
switch-off method, the source term method, and the variable viscosity method. Moreover,
Lietal. [31] present axisymmetric, enthalpy-based Lattice Boltzmann models for simulating
solid-liquid phase changes. Their findings indicate that these models effectively simulate
axisymmetric solid-liquid phase transitions.

The numerical simulation of a PCM requires inputting material properties and param-
eters as input values. The mushy zone is where the melting or solidification process starts
and progresses, during which latent heat is absorbed or released. Therefore, an accurate
representation of the solid-liquid phase change and the associated latent heat storage
performance is crucial. This parameter is part of a source term in the Carman-Kozeny
equation, which is used in the enthalpy—porosity technique for the momentum equation
to simulate the flow resistance through the mushy zone. This approach addresses the
main drawback of the fixed-grid method, which struggles with handling the zero-velocity
condition as the liquid transitions to a solid within the mushy zone. The main questions
are how the mushy zone constant A5, affects the predicted solidification performance
and how to determine A5, While the Carman-Kozeny equation is commonly used
in most models, the effects of the A5, parameter continue to be a topic of frequent
investigation [32]. Values for A5, ranging from 103 to 10! have been recommended
in commercial software guidelines and by various researchers [33]. The melting of lau-
ric acid was numerically studied by Abdi et al. [34] and they proposed an A5y, value
of 10° kg/ (m3:s) because it was closer alignment with experimental data than the val-
ues of 10° and 107 kg/ (m®-s). Similar research has been conducted by Hong et al. [35].
Fadl et al. [36] reported that the optimal A, values are 5 x 10° and 2 x 10° for the
vertical and horizontal orientations, respectively. The most common value for A, sp is the
recommended 10° kg/ (m3~s) [37—40]. Kheirabadi et al. [33] suggested that for lauric acid,
the optimal value for A, is 10% when ANSYS FLUENT and COMSOL Multiphysics
solvers are used. A,y significantly impacts the accuracy and correctness of the predicted
melting performance. However, its role in predicting solidification performance remains
poorly reported to date. It is quite interesting to examine how this flow resistance parame-
ter affects solidification and to understand the extent of its influence on the related heat
recovery performance.

This research aims to investigate the impact of the numerical model and the mushy
zone parameter on phase change solidification simulations, using paraffin as a represen-
tative phase change material. The cooling process was simulated using three methods
implemented in the CFD code ANSYS Fluent 2020 R2 [41]: the enthalpy—porosity method,
the AHC method, and a new model proposed by the authors in which heat capacity is
directly introduced into ANSYS Fluent. Furthermore, the impact of the A5, on the accu-
racy and correctness of the predicted solidification performance has been investigated by
testing different values of A5, (constant and variable). The results, such as temperature
profiles, solidification time, and solidification profiles, are analyzed scientifically. This
paper offers a detailed discussion of the observed differences and how they change with
varying model parameters, providing explanations in physical terms. This research aims
to provide a more accurate approach to studying the effects of simulation methods and
the mushy zone constant on the solidification process in a vertical cylinder under real
boundary conditions.

2. Methodology
2.1. Physical Model

The physical model in this study is based on the authors’” experimental work, which
examined the solidification of paraffin-based PCMs under T-history conditions [42,43]. The
schematic diagram of the 2-D simulation geometry is presented in Figure 1. A rectangular
computational domain was defined, taking into account two distinct fluid regions: one
containing air and the other comprising the working substance, either water or a PCM.
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The tube has a diameter of 30 mm and a height of 170 mm, with 140 mm filled with
a liquid PCM. In the upper part, a rubber plug was modeled via a thin-wall thickness
approach, incorporating combined heat transfer around it. Moreover, the model was
numerically simulated, assuming axisymmetric conditions, incompressible laminar flow,
and the Boussinesq approximation for buoyancy effects. For solidification, the external
wall was designed to account for heat losses via conduction, convection, and radiation to
the surrounding environment, as depicted in the equivalent thermal circuit in Figure 1.
To calculate surface emissivity and radiation heat transfer, the authors [42] proposed a
numerical method that reduces computational costs and simulation time, improving the
efficiency of thermal analysis while maintaining accuracy.

— Ty
Air
= q,
Interface /T
|
' .7
I e h
| h
o | ’ To,
% I
g I
- ”
= | rem
z |
= 4
- : |:> Qf
|
[}
|
I
1
|
|
1
6=0 Reon
(a) (b)

Figure 1. (a) The scheme of the computational model and (b) equivalent thermal resistance.

2.2. Governing Equations
2.2.1. Enthalpy-Porosity Method

The enthalpy—porosity technique has been extensively applied in simulating the
melting and solidification phenomena within PCM enclosures, particularly when natural
convection plays a significant role. When dealing with fusion and solidification within
a fixed domain, adjustments to the momentum equation are necessary to accommodate
phase transitions, ensuring zero velocities in the solid phase. A common approach to
address this involves incorporating a high-magnitude source term (S;) into the momentum
equation.

2
%(P”i) + aan(P”i”j) = _E%Z +#a§jg;(j +08i + Su (1)

where p is the density and where u is the dynamic viscosity. The term S, modifies the
moment balance depending on the phase. The term varies, ranging from a high value that
enforces complete immobility in the solid region to eventually reaching a limit of zero as the
material transitions into a fully liquid state. The source term of Equation (1) is defined as

Su= _A(’)/)Mi (2)
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here, A (yv) is the porosity function, 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 derived from Darcy’s law for a porous medium [44]:

Amushy(l - ')’)2

A(r)/) = ,Y3 Te

)
where 7 is the liquid volume fraction and where A, is the constant of the mushy zone,
which varies according to its morphology. Higher values of A5, result in stronger veloc-
ity damping, leading to a thinner mushy region and approaching a situation resembling
that of a pure substance. The constant ¢ is introduced to prevent division by zero.

Voller [44] initially introduced the enthalpy—porosity technique to address phase
change problems related to convective diffusion-controlled heat transfer. The energy
equation can be written as

IoH — ~— — —
B+ V- (p8H) = V-(\VT) (4)

The governing energy equation thereby contains one enthalpy H that includes latent
and specific heat:

T
H(T) = /T C,dT + p7L (5)

where p corresponds to the density, C, corresponds to the specific heat and L corresponds
to the latent heat of the PCM. L is associated with the liquid fraction, 7y, which allows the
computation of the change in enthalpy from the energy in the material during the phase
change [43]. The general form of 7 can be written as

0 if T < T
y=S1=F ifL<T<T 6)
1 if T>T,

In this formulation, the porosity is equated to the liquid fraction, f;, within a given element,
as dictated by the enthalpy balance. The liquidfraction is recalculated for each iteration. The
“mushy zone” refers to the region where the liquid fraction ranges from 0 to 1. Consequently,
when a material is completely solidified within an element, the porosity decreases to zero.
During the phase change from liquid to solid, the velocity decreases to zero, making it cru-
cial to accurately incorporate this phenomenon in the numerical formulation. Researchers
have employed various methods [45] to implement this aspect of physics.

2.2.2. Apparent Heat Capacity (AHC)

The apparent heat capacity (AHC) method takes into account the influence of enthalpy
and its temporal evolution by incorporating an apparent heat capacity during thermal
phase transitions. The approach is based on the following relationship:

oH oHOT
o Tt 7
where %—}TJ = pcapp(T) represents the temperature-dependent apparent heat capacity. The
apparent specific heat capacity is calculated as the derivative of the specific enthalpy, taking
into account a temperature-dependent phase change enthalpy [45].

Capp(T) = (1= 1)+ 76, + SL (! () — (7)) ®)

where 1*(T) and h!(T) represent the extrapolated single-phase specific enthalpies for the
solid and liquid states, respectively [46].
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In the enthalpy porosity model, v(T) represents a linearly increasing liquid fraction
between the solidus and liquidus temperatures, assuming constant values (zero and one)
outside the phase change temperature range. Buruzs et al. [47] indicate that the non-
differentiable nature of this piecewise linear liquid fraction function can lead to convergence
problems, so they introduced an alternative relation for (T) based on the smooth step
function and cubic Hermite spline functions [46].

2.2.3. New Model

In the proposed model, the heat capacity of the PCM is determined through Differential
Scanning Calorimetry (DSC) and implemented in ANSYS FLUENT software using a User-
Defined Function (UDF) file. It is important to note that DSC results are highly sensitive to
varying heating and cooling rates; therefore, heat capacity is calculated at heating rates of
1, 5,10, and 20 °C/min. The methodology is simple: the obtained specific heat capacity
curve as a function of temperature (¢, — T) from DSC is used as a variable, the specific heat
capacity of the material, in ANSYS FLUENT software 2020 R2. One of the primary heat
transfer phenomena in phase change is natural convection, which arises from temperature-
induced density differences. Without accounting for variable density, the model reduces to
a conduction problem, addressing only pure diffusion and neglecting the movement within
the liquid phase. Since convection is incorporated in the enthalpy—porosity model, and it
is likely to be important in our problem, we use the following generalization [48,49]. The
technique of a source term S, in the momentum equation will relate linearly the enthalpy
with the liquid fraction and thus lead to numerical results similar to those of the enthalpy-
porosity method. Instead, we model a liquid with a viscosity that varies with temperature
according to our measurements on the liquid PCM above the solidus point, and below we
fair a temperature function reaching a significantly high value. This assures that velocity of
the medium decreases in the mushy region and finally stops when it is a solid.

— (2273 x 1071) T+ 33.83 T<T
= { ( ) © o

(2283 x 1077) T3 — (3.501 x 107%) T*+ (1.73 x 1073) T —0.02587 T > T;
An overview of the differences between the three models is presented, highlighting
how each incorporates heat capacity and determines the flow resistance of the liquid phase.

A summary of these models is outlined in the Table 1 below.

Table 1. Comparison of the three numerical methods.

Numerical Method Heat Capacity Flow Resistance
enthalpy—porosity constant value source term, Equation (2)
AHC apparent specific heat capacity, Equation (8) source term, Equation (2)

new model

specific heat capacity as a function of

temperature from DSC variable viscosity, Equation (9)

2.3. Numerical Model Setup

The numerical model setup parameters were chosen on the basis of ANSYS FLUENT
guidelines [41] and previous research papers [27,30,40,42] that have numerically studied
the phase change process.

The ANSYS Fluent 2022 R2 code was employed to simulate the solidification process.
The conservation equations for both momentum and mass were addressed via the semi-
implicit method for the pressure-linked equations (SIMPLE) algorithm. The momentum
and energy equations were discretized via a second-order upwind scheme and pressure cor-
rection was carried out via the PRESTO! (PRESure STaggering Option) method. Relaxation
factors of 0.3, 0.7, and 1 were applied to pressure, momentum, and energy, respectively. At
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each time step, the convergence of the solution was verified throughout the simulation.
These modeling choices align with the recommendations in [40,42].

2.4. Mesh Tests

To confirm that the results are independent of the chosen mesh (grid) resolution,
various element sizes were tested and compared with experimental results over the entire
process duration. Structured meshes with 65,844, 23,800, 6120, and 2332 quadrilateral
elements were employed. Parameters such as the maximum aspect ratio, orthogonality,
cell quality, and obliquity were meticulously adjusted to meet the recommended criteria.
In Figure 2, a close alignment is observed between the experimental findings and the
numerical model when water is used as the working fluid. There are no substantial
disparities in the simulated cooling curves across various mesh sizes compared with the
experimental results.

55
&\ —— Experimental
Nﬁ - -G~ mesh 2332
50 F
\ mesh 6120
\ - > - mesh 23,800
645 - - =& - mesh 65,800
S
o
sS40t
z %
z ‘
" yik‘ﬁ&y‘
M
M&e e
30 i it
25 - - - - -
0 50 100 150 200 250 300 350 400 450 500

Time (min)
Figure 2. Results of independent of the chosen mesh for simulation with water.

3. Numerical Results

In this section, numerical results are presented to examine the influence of the thermal
properties of the PCM and the mushy zone parameters on the solidification process. The
numerical modeling was conducted under the assumptions that (1) the flow is laminar and
incompressible, (2) the material properties in each simulation remain constant, as indicated
in Table 1, (3) the Boussinesq approximation was applied, and (4) the domain is modeled
as a fluid in which the solid phase has a high viscosity.

Figure 3 illustrates the PCM cooling process employing the enthalpy—porosity method
with a mushy zone constant (C) value of 105. The PCM properties were inputted based on
the manufacturer’s provided values, as detailed in Table 1. The Boussinesq approximation
was used for buoyancy due to variable density. The graph reveals two noteworthy observa-
tions. First, the numerical cooling curves exhibited a consistent pattern across the various
mesh sizes, with no notable discrepancies. Second, there is a noticeable abrupt shift in the
cooling curve at the start and end points of solidification (at 46 and 40 °C, respectively) in
the numerical simulation. In contrast, under real experimental conditions, a much more
gradual change in slope is observed, especially at the end.
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Figure 3. PCM simulation results using the enthalpy method.

This study is divided into two main sections. The first part focuses on investigating the
influence of the numerical model on phase change solidification simulation using paraffin
as a sample phase change material to determine which model is more accurate. The second
part examines the effect of the mushy zone parameter on solidification, comparing constant
and variable mushy zone parameters to identify the optimal values for use in numerical
modeling of the phase change process for paraffin material.

3.1. Comparing the Three Numerical Methods

As outlined in Section 2.2, three different numerical models were used to simulate the
solidification of PCM-paraffin under T-history conditions. Figure 4 shows the temperature
during the solidification process for all models. The new model aligns most closely with
the experimental data compared to the others, while the E-p and AHC models exhibit a
slight discrepancy with the experimental results. Specifically, for the E-p model, there is a
noticeable abrupt shift in the cooling curve at the start and end points of solidification (at
46 and 40 °C, respectively). In contrast, under real experimental conditions, a much more
gradual change in slope is observed, especially at the end. Although the AHC model has a
good agreement with the experimental result, the new model demonstrates a more precise
change in the solidification slope, which aligns more closely with the experimental results.
To compare the results obtained concerning the experimental data, the mean absolute
percentage error (MAPE), which is also known as the mean absolute percentage deviation
(MAPD), was used. The variations in the cooling curves of the new model and AHC model
compared with the experimental curve showed percentage errors (EPAM) of 3.1% and 8.3%,
respectively. Reference [47] reported similar results, demonstrating that using the ACH
method improves simulation accuracy compared to the enthalpy—porosity method.

Figure 5 presents the comparison of the liquid fraction for the three models. Although
the liquid fractions for all models are similar at the beginning of the solidification process, a
noticeable discrepancy between them emerges towards the end of solidification. Moreover,
the solidification profile of the new model differs significantly from the others. Initially,
the solidification rate of the new model is faster than the other models, but it slows down
as the process progresses, ultimately resulting in a slightly shorter total solidification time
compared to the other two models. Moreover, the new model shows a change in the
gradient of the liquid fraction, with a distinct maximum point for the solidification rate. In
other words, the new model shows that the solidification rate initially rises sharply to a
peak, then decreases through the middle of the process. Following this, a gradual increase
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occurs until a local maximum is reached, after which the rate declines to zero. The same
pattern has been observed for AHC but not for the E-p model (Figure 5b). This phenomenon
has been noted by Milad et al. [43], who also showed that the solidification rate reaches
a maximum point during the process. Furthermore, an examination of the slope of the
liquid fraction curve revealed that the rate of solid formation initially increased, peaked,
and then steadily decreased to zero as the solidification process progressed. Reference [50]
explained that this phenomenon occurs because, initially, numerous nuclei form and the
crystals grow larger due to liquid subcooling. This causes an enhancement in the solid
formation rate. However, as solidification progresses, continuous nucleation events are
effectively inhibited. This suppression occurs because the thermal gradient driving the
phase change decreases as the nucleation site moves farther from the cooling wall and the
thermal resistance rises. As a result, the entire solidification process gradually slows.

330

Experimental

E-p, Amushy =10°
325 5
AHC. Amushy =10

New Model

Temperature (K)
w w
5 g

w
—
=3

305

300

0 50 100 150 200 250 300 350 400
Time (min)

Figure 4. Comparison of cooling curves for different three numerical models.

The key characteristic of the T-history experiment is that the Biot number satisfies the
lumped system analysis condition (Bi < 0.1). This implies that the temperature varies with
time but not with position, meaning the temperature of the medium changes uniformly
over time.

Figure 6 illustrates the temperature difference between the centerline and the wall
for the three points (Y = 3.5, 7, and 10.5 cm). The new model demonstrates a minimal
temperature difference, fluctuating between 1.25 and 0.5 K. A similar pattern is observed
in the AHC model, where the temperature difference remains within a narrow range.
In contrast, the E-p model causes more uneven temperature changes, with discrepancies
ranging from 2.0 to 0.4 K. Another interesting observation is that, although a slight variation
is seen in the E-p model when moving from the bottom to the top of the tube, both the AHC
model and the new model show an almost unchanged temperature pattern along the tube’s
length. In fact, with these two models, the temperature difference between the centerline
and the wall remains consistent, regardless of the measurement point’s location. Moreover,
during the solidification process, the cooling rate of the PCM decreases, likely due to the
release of latent heat, increased thermal resistance from the growing solid phase, or a
combination of both factors, as the temperature of the sample and ambient environment
approach each other. This indicates that the Biot number decreases during solidification,
resulting in a smaller temperature difference between the centerline and the wall of the
tube. The new model clearly illustrates this phenomenon.
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Figure 5. (a) Liquid fraction of solidification process and (b) solidification rate.
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Figure 6. Temperature difference between the centerline and the wall for the three points (Y =3.5,7,
and 10.5 cm).
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Figure 7 compares the solidification profiles for three models over a 150-200 min
period. The primary observation is that the solidification profiles differ based on the
simulation model. As anticipated, the solidification rate in the E-p model is lower than in
the other models during this timeframe. After 150 min, solidification begins to progress at
the bottom of the tube in the E-p model, a pattern not observed in the other two models.
Although solidification develops at the tube’s bottom in both the E-p and ACH models, in
the new model, it slows in the bottom layers and instead concentrates near the cold wall.
This discrepancy in the solidification profile behavior is directly related to the heat transfer
characteristics in the mushy region.

150 175 200 150 175 200 150 175 200

1.0
0.9
0.8
0.8
0.7
0.6
0.5
0.5
1 0.4
0.3
0.2
0.2
0.1
0.0

L/

enthalpy—porosity AHC new model

Figure 7. Comparison of the solidification profile for three models.

3.2. The Effect of the Mushy Zone

In order to examine the impact of the mushy zone parameter, several simulations for
different mushy zone parameters of 10°-108 were conducted. Liquid fractions throughout
the solidification process were investigated for each set of simulations, as they are directly
influenced by the mushy zone parameter.
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Numerous studies suggest a reliable method, grounded in the physical characteristics
of the mushy zone, to determine the mushy zone constant, A,,,¢;. For various PCMs, the
Apushy value can be determined as a function of dynamic viscosity and the characteristic
length of solid microstructures within the mushy zone. A,y is a parameter that relates the
microstructural characteristics of the mushy zone to macroscopic heat transfer during phase
change. Yang et al. [51] evaluated the A,,,5;, parameter based on measured microstructural
features and proposed the A5, value function of liquid fraction for paraffin.

For solidification,
4
Amushy = ﬁ x 102 (10)

For melting,

Amushy = 1;;)/ x 1012 (11)
Figure 8 shows the liquid fraction of the PCM for different values of A, and
compares it to simulation methods. The liquid fraction follows a similar trend across
varying A;,sp, values, with only slight differences toward the end of the solidification
process. The solidification rate for A;,sny = 108 is faster than that for Amushy = 10° in both
the E-p and AHC methods, predicting a solidification time that aligns more closely with
the new model. Furthermore, when A,;,¢;, is variable, the liquid fraction profile remains
the same as when A5, is constant at 108. Notably, the effects of different Apuyshy values
on the melting rate by the applied E-p method have been examined [40], and they reported
that a significant variation in the mushy zone constant, from 10° to 10%, led to a greater
temperature difference.

1.00

—E-D. Anusny = 10°
0.90
= = =E-p. Apusny = 10°
080 | —— AHC. Apysny = 10°
AHC. Variable Ayyshy
0.70 8
= = = AHC. Apyshy = 10
E " New Model
]
&= 0.50
=
E)
= 040 |
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0.00 I
0 50 100 150 200 =l

Time (s)

Figure 8. Consideration of the effect of variable A5, [51] on the liquid fraction.

To better understand the effect of A5, on the natural convection, it is worthwhile
to consider the velocity contours for the PCM. These contours, shown in Figure 9, were
generated via the mushy zone constants 10° and a variable mushy zone. At the initial
stage of the solidification process, the liquid PCM near the cold wall loses heat, causing its
temperature to decrease. This cooler liquid becomes denser and descends along the wall
due to buoyancy forces. As the liquid moves away from the cold wall, it gains heat and its
temperature rises, making it less dense and causing it to ascend to the top. This process
results in a circulating flow driven by natural convection that initially develops within the
liquid region. Figure 10 illustrates that the temperature difference decreases at a faster rate
for the variable mushy zone parameter compared to the constant mushy zone parameter.
As the temperature difference between the liquid and solid PCMs decreases, the velocity of
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the liquid PCM along the solidification interface decreases and results in heat conduction
being the dominant heat phenomena in solidification [52].

Time (s) 500 1000 1500 200 500 700

COO00000000000000000
0O L LNNWWA RO NN0DO
STOAOROWOWERNNNND D=

[mm/s]

Amushy =10° Variable Amushy
Figure 9. Comparison of the velocity contour lines inside the PCM during solidification.

Figure 10 compares the average velocity of natural convection for a baseline value
of Apusny = 10° and a variable Apuyshy- For the variable mushy constant, the maximum
velocity decreases sharply from approximately 0.23 mm/s at 1 min to 0 mm/s at 25 min,
whereas for the constant mushy constant, it takes about 90 min to reach 0 mm/s. These
temperature field evolutions indicate that the buoyancy-driven natural convection weakens
over time, with heat transfer gradually becoming conduction-dominated. Notably, the
variable mushy zone demonstrates higher values compared to A;sp, = 10°, leading to
stronger velocity damping as described by Equation (3).
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Figure 10. The impact of variable A5, [51] on the average velocity of natural convection.

4. Conclusions

The main goal of the current study was to examine the effect of the chosen numerical
model of simulation and the mushy zone constant on the simulation of the solidification
process inside a vertical cylinder for thermal energy storage applications. Three simulation
models—enthalpy—porosity, AHC, and a new model—were applied to simulate solidifi-
cation, and their results were compared. In the new numerical model, the specific heat
capacity curve as a function of temperature, obtained from DSC, is directly introduced into
ANSYS FLUENT. Additionally, a variable viscosity method accounts for the increased vis-
cosity associated with the solid phase. Moreover, the effect of the mushy zone parameter on
solidification was examined across the simulation models and the results were compared.

This study revealed that the proposed model shows excellent agreement with exper-
imental data for cooling temperatures and provides a more accurate prediction than the
other models, with an error margin of approximately 3.1%. The liquid fraction pattern for
the new model and AHC is almost identical. In contrast, the E-p model displays a distinct
pattern, with the solidification rate decreasing continuously until it reaches zero. Further-
more, the new model better satisfies the lumped system condition, showing less sensitivity
to position in temperature variation than the other models. A1,y is a critical parameter for
accurately modeling phase change phenomena, as it gradually influences the prediction of
solidification processes. Although the impact of A5y is more pronounced in the melting
process, where heat transfer is primarily dominated by natural convection, its influence
is generally less prominent in the solidification process, where conductive heat transfer is
dominant. Increasing the mushy parameter value results in a reduction of the solidification
time and similar results are observed for both a variable A5, and Ayysny = 108. A mushy
zone constant of 10® has been proposed for the solidification process, which is in good
agreement with the real results. Furthermore, this research demonstrates the importance of
using accurate heat capacity and Ay, values in simulations and highlights the potential
errors that can result from simplifications or approximations. The criteria established in
this study provide valuable guidance for accurately and effectively modeling the PCM
behavior of paraffin in various applications, paving the way for future research.
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