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Energy storage is going to play an important role in the transition to carbon-neutral energy production. Heat is
the form of energy that is relatively easy to store, even over long periods of time. Despite their relatively slow
take off as a thermal energy storage medium, the phase change materials (PCMs) can play an important role
in the future of thermal energy storage (TES). Some PCMs exhibit behaviours that are difficult to model
accurately (such as supercooling or phase change hysteresis). Computer modelling of the PCM behaviour is
further complicated by the fact that the PCMs sometimes do not undergo complete phase transitions in real-life
operation of TES. Three approaches to modelling of partial phase changes of a PCM, obtained from the
literature, were assessed on a simple test case. The test case was a wall with a PCM layer, which was designed
as transient with the adiabatic boundary condition on one side of the wall and the sine wave heat flux on the
other side. The phase change hysteresis shift of 5 °C was investigated. The results obtained with the partial
phase change modelling approaches varied on average by 2.8 °C and 1.84 °C for the ‘curve switch’ model and
the ‘curve scale’ model (when compared to the single curve model). The increase in thermal conductivity (from
0.2to0 0.3 W m™ K") led to 34.4 % reduction in size of the phase change interruption point interval.

1. Introduction

Since most renewable energy sources are intermittent in their nature (reliant on weather conditions), there is an
increasing need for means of energy storage, which would mitigate the energy supply/demand mismatch (Elfeky
et al., 2021). Phase change materials (PCMs) are one of promising technologies for thermal energy storage
(TES), mainly due to their ability to absorb and release a large amount of heat during the phase transitions
(Serikawa et al.,, 2021). Some PCMs, however, exhibit behaviour such as phase change hysteresis or
supercooling, which are difficult to model accurately. The computer modelling of PCMs gets complicated by the
fact, that PCMs not always undergo complete phase transitions in TES systems. In case that phase transition
is interrupted inside the ‘mushy’ region (region in-between the solid and liquid state) it is often referred to as a
partial phase transition. Such cases are not uncommon, since most of the PCM-based TES systems are
designed for operation around the phase change temperature of a PCM (Zastawna-Rumin et al., 2020).

In recent years, a number of researchers addressed partial phase transitions in their studies (Klime$ et al.,
2020). Thermal behaviour of a PCM is usually described by the relationships between temperature and enthalpy
or temperature and effective heat capacity as is shown in Figure 2. Most modelling techniques confine the
thermal behaviour of a PCM between the heating and cooling curves. The most straightforward approach is
referred to as the ‘curve track’ model (Thonon et al., 2021), in which thermal behaviour (phase transition) is
modelled by following either the heating or cooling curve. The model ‘tracks’ the heating or cooling curve until
the material is considered fully molten (liquid) or fully congealed (solid) (Chandrasekharan et al., 2013). Close
to the complete phase transition points, the transition between the curves can be made since there is little to no
difference in enthalpy between the heating and cooling curves (Zalesak et al., 2021). The approach suggested
by (Bony and Citherlet, 2007) utilises a linear transition with the slope derived from specific heat capacity
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(see Figure 2, 2->3 transition), which is also very often referred to as the ‘curve switch’ model. However, recent
studies suggest that the transition somewhere in-between the ‘curve track’ model and the ‘curve switch’ model
is very promising (Barz, 2021). This modelling approach is called the ‘curve scale’ model, where the partial
phase transitions follow the scaled cooling or heating curve (after interrupted heating or cooling process) (see
Figure 3, the ‘curve scale’ model). The main objective of the present paper is to compare these three modelling
approaches and to investigate the influence of thermal conductivity.

2. Methods

The test case was a very simple one, it was a vertical layer (a wall) made of a PCM (Figure 1). The thickness
of the wall was considered d = 100 mm and the PCM was paraffin-based Rubitherm RT35 HC. The
enhancement of a building structure with a PCM for TES is a very common PCM application, allowing for shifting
of the peak cooling load and improving indoor thermal comfort (Serikawa et al., 2021). The main advantage
of building components enhanced with PCMs is their high heat capacity for working temperatures close to the
phase change temperature. The latent heat storage therefore adds to the overall energy density.
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Figure 1: The PCM wall schematics

2.1 Numerical model

The model in this study is constructed as a 1-D heat transfer problem (Figure 1). Heat conduction is considered
only in the direction of PCM’s layer thickness and the governing equation is defined as

aT 0 07’)
_ 9T 1
PCeiigr = ax (k ox M

where T is temperature, T stands for time, p is density, k represents thermal conductivity, ces stands for effective
heat capacity and x is the respective axis of the Cartesian coordinate system.

It has been shown in several experimental studies (Serikawa et al., 2021), employing differential scanning
calorimetry (DSC) method, that the effective heat capacity curve has an asymmetrical shape. The effective heat
capacity in the present study was parametrised as

(T— Tppc>2} 2)

Ceff=C T CLfeXp{ - (,

where ¢ represents the specific heat capacity of solid and liquid phase, ci, stands for the height coefficient
(defining the amount of latent heat), T, is the peak phase change temperature and o is the sharpness
coefficient of cef function defined as

o, T< Tppc
= 3
g {ol, T>Ty (3)

where g5 and o0; are representing the sharpness of the effective heat capacity curve on the heating and cooling
sides.
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The energy balance approach was employed for the solution of Eq(1), using the 1-D forward time-explicit
numerical scheme. The phase change was modelled with the use of the enthalpy method, mainly due to its
better numerical stability. The enthalpy method is also much more suitable for partial (incomplete) phase
changes, since the phase transition is represented by a continuous function; contrary to the effective heat
capacity method (as illustrated in Figure 2). The volume enthalpy is defined as

T
ofs
Hr) = [ (pe — plig)as )
Trer
where Ly is the latent heat of phase change and fs represents the melt fraction. The calculation process turns
into the 2-step procedure — in the first step, the enthalpy of (p + 1)-th time discretization step (HP*1) is calculated.
According to knowledge of the enthalpy-temperature dependence, the temperature TP*1 is then determined

from the known enthalpy-temperature dependence. The entire process can be summarised as
TP— gr+1 Tp+1.
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Figure 2: Effective heat capacity and enthalpy method considering the “curve switch” model

The boundary conditions on both sides of the wall are of Neumann’s type. On the left (Figure 1) the adiabatic
boundary condition was prescribed (g, = 0). On the right (Figure 1), the wall was exposed to the cyclical heat
flux qr formulated as

Gr = Agsin (ﬁ),\ﬁ € (0, Pmax) (5)
where [ is the time instance and pmax is the total number of iterations.

2.2 The studied scenario

Thermophysical properties of Rubitherm RT35 HC, together with other considered parameters, are summarised
in Table 1. The total duration of the simulation was At ., = At " Prax = 0.1-30,000 = 3,000 s. Intime t =0's, the
PCM is fully in a solid state with the initial condition T}p=0 =15, Vj € (1,N,). The scenario is designed for the

investigation of partial melting-solidification transitions. The amplitude of the sine boundary condition Ao = 16 %
(see Equation 5) was chosen in a way, which ensures that the PCM in all nodes of the computational domain
undergoes melting-solidification transitions inside the phase change temperature interval (partial phase
transitions). Heat losses into the surroundings were not considered. The solidification curve was shifted
by ATy =5 °C to lower temperature as illustrated in Figure 2. As for the spatial discretization of the wall,
in total Ny =20 nodes were considered with ascending indexes starting from the surface with the prescribed
sine wave boundary condition (see Figure 1).
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Table 1: Properties of Rubitherm RT 35 HC and other model parameters

Material property Symbol Unit Value
Phase change temperature Topc [°C] 35
Phase change hysteresis shift ATy [°C] 5
Heat storage capacity* Ly [kJ/kg] 210
Specific heat capacity c [J/(kg K)] 2,000
Time discretization step At [s] 0.1
Density D [kg/m?3] 800
Thermal conductivity k [Wmt K1 0.2
Number of nodes N, [ 20
Wall thickness d [m] 0.1
Heating/cooling switch threshold THR [-] 50

*Excluding the sensible heat between 27 - 42 °C

3. Results

Based on the literature review, three most commonly used modelling approaches to phase change hysteresis
of PCMs were chosen for testing in the present simulation study; the ‘curve track’ model (as well referred to as
no transition model or single curve model), the ‘curve switch’ model (implementation proposed by Bony and
Citherlet, (2007)) and the ‘curve scale’ model. The sine wave heat flux boundary condition gradually heated up
the whole volume of a PCM into the phase change interval. As soon as there were Nih >THR = 50 consecutive
temperature gradients (in a i-th node) monitored, the heating-to-cooling transition was performed following one
of the implemented approaches.

As can be seen in Figure 3, the separation point of the node 3 did occur at about 21 min with temperature
of 34.8 °C, which is well within the phase transition interval and it is marked as the transition point in this specific
scenario and node. Same observations can be made about other nodes as they all ended up in the phase
change temperature interval of the PCM (see Figure 3, nodes 8, 13, 18). Thermal behaviour of the PCM after
the transition point was influenced by the particular modelling approach to phase change hysteresis and the
discrepancies (the temperature differences between the specific partial phase change modelling approach and
the no transition model) were on average 2.8 °C and 1.84 °C for the ‘curve switch’ model and the ‘curve scale’
model. The ‘curve track’ model (no transition) seems to be overestimating the temperature evolution
in comparison to the other two models (see Figure 3), with the ‘curve scale’ model representing the approach
which is in-between the no transition (the ‘curve track’ model) and the linear transition between the curves (the
‘curve switch’ model). This behaviour is in agreement with the previous research presented by (Delcroix et al.,
2017), suggesting that the ‘curve scale’ modelling approach could be potentially very promising.
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Figure 3: Temperature evolution of the implemented phase change hysteresis modelling approaches
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Material properties such as thermal conductivity, specific heat capacity or enthalpy of fusion affect the thermal
behaviour during the phase change hysteresis. The results have shown that with the increasing thermal
conductivity of a PCM the interval of the heating-to-cooling transition points is narrower, since the overall
temperature gradient inside the PCM wall decreases (as is illustrated in Figure 4). On the other hand, in case
of a PCM with low thermal conductivity, fewer nodes would be in the mushy zone, under the same boundary
conditions, as the temperature gradient in the PCM would be steeper. At the heated surface, PCM could be fully
molten while PCM at the insulated surface could still be in the solid state (depending on heat flux rate). The
increase in thermal conductivity from 0.2 to 0.3 W m™! K! resulted in 34.4 % decrease in size of the interval
of phase change interruption points (from [33.51, 35.34 ] °C to [33.69, 34.89] °C) as is shown in Figure 4.
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Figure 4: The effect of thermal conductivity on phase change hysteresis

4. Conclusions

The present study aimed at the assessment of recently proposed modelling approaches to the phase change
hysteresis phenomenon and the sensitivity analysis with regard to thermal conductivity of PCMs. The 1-D
numerical model of heat transfer in PCM was developed using the enthalpy method and it was coupled
with three different partial phase change modelling approaches.

There was a considerable overestimation of the temperature when the ‘curve track’ model was compared with
the ‘curve switch’ and the ‘curve scale’ models, suggesting that neglecting of the phase change hysteresis (with
phase change temperature shift ATy =5 °C) can result in the average temperature discrepancies of 2.8 °C
and 1.84 °C. With the increasing thermal conductivity, heating-cooling transition points converge as the overall
temperature gradient in the wall gets reduced. The results have shown that increase in thermal conductivity
(from 0.2 to 0.3 W m™* K-") led to 34.4 % reduction of the size of the phase change interruption point interval.
On the other hand, decreasing thermal conductivity leads to complete phase transitions at the heated surface
and the insulated surface might not even fully undergo the phase change. Therefore, the phase change
transition point interval is getting wider.

The present study provides the foundation for inverse identification of thermal behaviour of PCMs during the
partial phase changes, as it is difficult to investigate thermal behaviour of large volumes of PCMs with the
conventional experimental methods such as DSC or T-history (which are designed for small PCM samples).
The future work will consider the potential effects of other material properties such as specific heat capacity
or latent heat of fusion on the thermal behaviour of PCMs during partial phase changes. The experimental
validation of the partial phase change modelling approaches is also planned for the future studies. As the melting
front becomes much more complex with the higher dimensionality of the numerical model (considering 2-D
and 3-D models), other aspects such as natural convection in the liquid PCM or the volumetric change (caused
by the change of density between the solid and liquid states of PCMs) have to be accounted for.

Nomenclature
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Ap — amplitude of the sine wave boundary N, — number of nodes, -

condition, % Pmax — total number of iterations, -

T — temperature of PCM, K

Topc — Peak temperature of phase change, K
THR — heating/cooling switch threshold
X, y — cartesian coordinates

At — time discretization step, s

Atmax — total duration of simulation, s
ATy — phase change hysteresis shift, K
p - density of PCM, kg/m?3

o — sharpness coefficient of the cqs, K2

¢ — specific heat capacity, J/(kg K)

cL, — hight coefficient of the cefr, J/(kg K)
ceff — effective heat capacity, J/(kg K)

d — PCM wall thickness, m

fs — melt fraction, -

H(T) — volume enthalpy, J

k — thermal conductivity, W/(m K)

Ly — enthalpy of fusion, J/kg
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