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INTRODUCTION

Phase change materials (PCMs) have gained a lot of attention in recent years, mainly due
to their ability to store relatively high amounts of energy in a narrow temperature inter-
val, making them a very promising technology for thermal energy storage applications [1].
At the same time, there is an ever-increasing need for means of renewable energy sources
utilisation [2], which are inherently dependent on weather conditions, widening the gap
between energy demand and supply. Such a problem encourages the development of
systems with thermal energy storage (TES), which mitigates the energy supply/demand
mismatch and improves the overall efficiency of the developed system. Applications utilis-
ing PCMs are taking advantage of the latent heat of phase change, which is either stored
or recovered from the PCM during the phase transition process.

Considering an ideal scenario, the phase transition should take place at an exact
specific temperature, but this is rarely the case [3]. PCMs usually undergo the phase
transitions at a temperature interval rather than a defined temperature. In addition, it
is necessary to consider phenomena such as phase change hysteresis (PCH) and super-
cooling (SC), which further complicate the thermal behaviour [4]. Several authors [5-7]
have highlighted the importance of PCH in the numerical modelling of PCM thermal be-
haviour. The PCH phenomenon is usually undesirable since it limits PCM usage and may
even be problematic if the PCH temperature shift is comparable to the order of working
temperatures of a given device [4, 8]. The thermal behaviour gets further complicated
in the case of the partial phase transitions, which occur when the phase transition is in-
terrupted in the course of the heating/cooling process. The way in which this transition
is conducted is crucial, and it has a profound effect on the overall thermal behaviour of
a PCM, yet still, many authors are not considering this phenomenon in their calculations
or using simplified modelling approaches [5, 9, 10]. This results in inaccurate temperature
prediction, mainly in cases where cyclic changes of temperature near the phase change
temperature are observed.

The main objective of this thesis was to investigate the thermal behaviour of PCM dur-
ing the PCH numerically and experimentally. The state-of-the-art modelling approaches
to the PCH during both complete and partial phase transitions were analysed, imple-
mented in the form of a mathematical model and compared to each other. Experimen-
tal methods for the determination of effective heat capacity-temperature or enthalpy-
temperature curves, such as differential scanning calorimetry or temperature-history meth-
ods, were used for validation of the developed PCH modelling methods. Furthermore,
a framework for the identification of this behaviour, based on solutions to the inverse

heat transfer problems (IHTPs), was developed utilising a wide range of solution meth-
ods.



1. STATE OF THE ART

The state-of-the-art literature review section concentrates on two primary areas of the
thesis: the phenomenon of phase change hysteresis and the inverse problems associated
with phase change modelling. These topics are inherently interconnected, as the former
pertains to the thermal transfer mechanisms in PCMs, while the latter provides an expla-
nation and solution for such behaviour. Further information about those topics can be
found in recent review papers by Zalesak et al. [11] for inverse problem modelling and
Klimes et al. [9] for phase change hysteresis phenomena.

1.1. Phase change hysteresis

The thermal behaviour of PCMs has been the subject of extensive research over the past
two decades. Compared to heat transfer without phase changes, there are two phenomena
which further complicate the matter, introducing complexity to the behaviour of PCMs.
These phenomena include phase change hysteresis (PCH) and supercooling (SC). To put
it simply, phase change hysteresis disrupts the alignment of melting and solidification with
their respective h(T') or ¢(T') curves [9] as shown in Figure 1.1.

The study by Jin et al. [12] investigated the melting/solidification processes for several
PCMs. The results showed asymmetry in the processes for different PCMs, with some
exhibiting high phase change hysteresis and supercooling (as shown in Figure 1.2). The
findings suggest that the enthalpy of PCMs is influenced by their previous temperature
states and applied heating/cooling rates.

1.1.1. Phase change hysteresis in complete phase change cycles

Goia et al. [5] have developed a numerical model of a PCM wall, which includes the PCH
and compared the results obtained from simulation with experimental data. The proposed
numerical model allows one to use separate enthalpy-temperature curves for heating and
cooling, therefore improving the overall accuracy of the modelling approach. Both the
heating and cooling curves were obtained by using the DSC method. The numerical
model tracks the heating or cooling curve until the phase transition is completed (which
is usually detected by reaching a specific temperature) and then transfers directly between
the curves. A similar approach was adopted by many other authors [6, 10, 13], and the
numerical model is often referred to as the two-curve model. EnergyPlus™ software was
used for the model implementation.

Biswas et al. [10] adopted a similar approach. The authors developed a 2D numerical
model of a wall with a PCM layer. PCMs based on fatty acids were chosen for investiga-
tion. Experimental measurements were carried out using the heat flow metre apparatus
(HFMA) method. Toggling between the heating/cooling curves was allowed only in cases
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Figure 1.1: (a) Parameterization of the two-curve model with c.g in the form of a Gaussian
function, (b) enthalpy-temperature dependency h(T), (¢) Corresponding temperature-
time relationship

when the temperature of the PCM left the phase change temperature region; therefore,
toggling during partial phase changes was not allowed. A significant difference in thermal
behaviour and energy savings was observed when the PCH was introduced into numerical
modelling. In the case of the approach to modelling without PCH (using only the melt-
ing curve h(T')), energy savings of 32 % were observed (reducing the power consumption
of the air conditioning). The authors have shown that when both heating and cooling
curves were considered, the energy savings decreased to 29 %. Increasing the hysteresis
shift by 2 °C and 4 °C led to further reduction of energy savings by up to 15 % and 12 %,
respectively.

Stathopoulos et al. [13] developed a numerical model of an air-PCM heat exchanger
(HEX) and a new calibration procedure using the effective heat capacity method. They
found significant inaccuracies when using raw DSC data directly with a single ¢(T") curve
implementation. The calibration procedure aimed to optimize the shape of the function
¢(T') while ensuring energy conservation, leading to the best agreement by considering
three sets of heating/cooling curves and only reporting complete phase transitions.
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Moreles et al. [6] studied the influence of PCH on the thermal behaviour of a wall
containing a layer of an organic macro-encapsulated BioPCM. The authors developed a 1D
numerical model of heat transfer and coupled it with the effective heat capacity method,
which was used for phase change modelling. The PCH was introduced, adopting the curve-
track modelling approach. The melting curve was constructed based on data provided
by the manufacturer, and the solidification curve was artificially defined by shifting the
melting curve toward lower temperatures. The hysteresis temperature shift is equal to

ATy =T — To, (1.1)

where T}, and T are the melting and solidification temperatures, respectively. The authors
have investigated various degree of the PCH, ranging from the scenario without hysteresis
(ATy = 0°C) up to (ATy = 30°C) and also different thicknesses of a PCM layer e =
= 9 — 18 mm. Unfortunately, similarly to the study by Stathopoulos et al. [13], only
complete phase changes were considered. More research would be needed for partial
phase changes. The results show improved thermal performance of a PCM wall with
increasing hysteresis temperature shift, contrary to [10]. The authors also found that the
best thermal performance occurred when the PCM underwent a phase transition outside
the room’s comfort temperature interval (17 — 23 °C).

Kuznik and Virgone [14] studied the thermal performance of a PCM wall, with the
main objective of improving thermal comfort during summer and reducing energy con-
sumption during winter. The effective heat capacity of a paraffin-based microencapsu-
lated PCM (manufactured by ENERGAIN®) was investigated using the DSC method.
The authors adopted the implicit finite difference method coupled with the effective heat
capacity method for phase change modelling. Several different scenarios (one-time melt-
ing, one-time solidification, and consecutive melting followed by solidification) were in-
vestigated using only the melting or solidification effective heat capacity curve. Such an
approach allowed to investigate the accuracy of simple one-curve models applied to more
complex cyclic scenarios, where PCH is introduced. The results have shown that the sin-
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gle effective heat capacity (melting or solidification) is not sufficient to describe thermal
behaviour when compared with the experimental temperature data for one-time melting
and solidification. Furthermore, neither of the effective heat capacity curves provided an
accurate temperature prediction in case of consecutive melting and solidification. These
results emphasise the importance of PCH and recommend it as a mandatory part of phase
change modelling.

Table 1.1: Overview of research works related to complete phase changes

Reference Year PCH modelling approach Validation Parametrisation
of PCH
Biswas et al. [10] 2018 Heating & cooling curve v HEFMA measurement
Goia et al. [5] 2018 Heating & cooling curve v Data from
manufacturer

(measured with

3-layer-calorimeter)
Jin et al. [12] 2015 Experimental study DSC measurement
Kuznik and Virgone [14] 2009 Heating & cooling curve DSC measurement

Moreles et al. [6] 2018 Heating & cooling curve Linear interpolation

N X N X

Stathopoulos et al. [13] 2017 Multiple ¢(T") curves Triangular step

function

1.1.2. Phase change hysteresis in partial phase changes

A fundamental issue of the modelling of partial phase changes is the behaviour right af-
ter the transition between heating/cooling (melting/solidification) processes (considering
that the process was interrupted inside of the 'mushy’-zone, which is a region where PCM
is regarded as partially solid and partially liquid). It remains unclear whether the transi-
tion between heating and cooling curves should be made and, if so, in which direction and
following what kind of curve. Various researchers have grappled with this transitional is-
sue, and the following section explores the latest and most promising solutions to address
this complex issue.

1.1.3. Curve-track model

The curve-track model, proposed by Chandrasekharan et al. [15], provides a simple
method to address partial phase changes. It employs a single enthalpy curve through-
out the entire phase transition, regardless of variations in heating or cooling within the
'mushy’ region. The main limitation of the model lies in its suboptimal performance in
describing phase change hysteresis during partial phase transitions [4-6]. However, sce-
narios involving partial phase change cycles hold significant relevance, particularly in the
context of partial load operation in thermal storages employing PCMs [16].

1.1.4. Curve-switch model

Two modifications to the curve-track model have been suggested to model PCH during
incomplete phase transitions [9]. The initial proposal, credited to Bony and Citherlet [17],
involves incorporating a transition between the heating and cooling phase curves. Bony
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Figure 1.3: Approaches to the partial phase change modelling

and Citherlet [17] have conducted a study dealing with the development of a numerical
model of heat transfer in a PCM placed inside a water storage tank. The TRNSYS soft-
ware was used for the model implementation and an improved version of the curve-switch
model was presented. The transition between heating and cooling curves was proposed
following a straight line with the slope equal to the specific heat capacity in a solid/liquid
state. These modified models are often referred to as curve-switch models [16]. The sec-
ond modification is geared towards creating novel partial phase transition curves. These
curves are situated within the hysteresis envelope, delineated by the curves representing
complete phase transitions (the heating and cooling curves) [9]. This approach is often
referred to as the curve-scale model and is described in further detail in the next section.

1.1.5. Isothermal and isoenthalpic toggling models

Dentel and Stephan [18] introduced a 1D numerical model for wall constructions incorpo-
rating PCMs. This model, integrated as a user Type 399 in TRNSYS, is applicable for
simulating both passive structures and thermally activated structures. The authors em-
ployed a direct toggling approach between the heating and cooling effective heat capacity
curves as illustrated in Figure 1.3. Although Dentel and Stephan [18] did not validate
the model, Delcroix et al. [19] conducted a further investigation in their study. They
determined that the transition between the heating and cooling curves in this model was
isothermal, resembling an instantaneous switch. This modelling approach is particularly
suitable for scenarios involving complete phase change, where there is a minimal alter-
ation in the effective heat capacity or enthalpy outside the phase change region. However,
as demonstrated by Delcroix et al. [19], the toggling model is unsuitable for modelling of
partial phase changes, as it violates energy conservation laws, leading to an overestimation
or underestimation of the latent heat absorbed or released during the phase transition.
Rose et al. [20] created a computational model for building structures that inte-
grates PCMs within BSim. The authors utilised a PCH modelling approach, relying on
isoenthalpic transitions between the heating and cooling curves. The model underwent
validation through various case studies, demonstrating good applicability. Nonetheless,
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Figure 1.4: Modelling approaches to the partial melting of PCM — a) two-curve model b)
curve-track model ¢) curve-switch model, and d) curve-scale model

its applicability tends to be rather specific, given that the examined dataset lacks any
instances of partial phase change cycles.

1.1.6. Curve-scale model

The modelling methodology commonly known as the curve-scale model was initially con-
ceptualized by Ivshin and Pence [21] in 1994. This model involves tracking the profile of
the complementary curve (cooling curve for the partial melting cycle and heating curve for

10



1.1. PHASE CHANGE HYSTERESIS

the partial solidification cycle), originating from the point where melting/solidification was
interrupted. The curve is then scaled down by a specific factor to ensure the smooth con-
tinuity of the liquid fraction of PCM. The authors have employed the Duhem-Madelung
model, originally formulated for materials where multiple phases can coexist, forming
a homogeneous mixture across a range of specific intensive thermodynamic quantities,
such as temperature, stress, or magnetic field. Since its inception, numerous researchers
have adopted this modelling approach with great accuracy [4, 16, 22].

Delcroix [23] proposed a hysteresis model addressing partial phase transformations
in PCMs. A PCM was embedded in the wall structure, and phase transformation was
induced. As the transformation progressed, the wall was subsequently moved to another
room, and the material was left to solidify with natural convection. During this experi-
ment, temperature histories were measured using several thermocouples, and data were
subsequently utilised to validate the developed models. As was previously mentioned,
the behaviour of PCMs when both phases coexist remains uncertain. An example is the
case where PCM undergoes cooling only after partial melting, as illustrated in Figure 1.3.
Upon heating PCM from state Tst to state Tgw, several approaches can be considered to
complete the hysteresis loop, i.e., the transition from state Tgw back to state Tgr. Bony
and Citherlet [17] proposed transitioning to the cooling curve along a line with a slope
corresponding to the specific heat capacity value in the solid/liquid phase (also referred
to as wT, i.e., with transition). Another option (in this study referred to as noT - no
transition, but otherwise called the curve-track model) was formulated by Chandrasekha-
ran [15], suggesting staying on the heating curve during cooling. Delcroix [23] integrated
these two approaches and validated them through the utilisation of experimental data.

(a) Interrupted heating (a) Interrupled cooling
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Figure 1.5: Transition between enthalpy curves for interrupted heating and cooling [23]

Furthermore, Delcroix [23] employed an optimization algorithm to determine the op-
timal shape of the enthalpy-temperature relationship for interrupted cooling and heating
processes. The optimality criterion was based on the difference between experimental
and simulation results. The optimal behaviour of PCM during hysteresis, as described
by Delcroix et al. [23], is illustrated in Figure 1.5. Transitions between hysteresis curves
occur along lines with slopes equal to the specific heat capacity [17]. In the case of inter-
rupted heating, a transition to the cooling hysteresis curve occurs, positioned between the
melting and solidification curves. Conversely, during interrupted cooling, heating follows
the melting curve, as depicted in Figure 1.5.

In 2017, Delcroix et al. expanded their work from 2015 [19]. They developed a wall
model with PCM incorporating hysteresis, time-varying physical constants, and super-

11



1.1. PHASE CHANGE HYSTERESIS

cooling. This model was integrated into TRNSYS software as Type 3258. Figure 1.6
illustrates the relationship between enthalpy and temperature, depicting the behaviour of
PCM during phase change. Curves 1 and 2 represent the heating and cooling processes,
while Region 3 can only be reached during interrupted heating or cooling Delcroix et
al. [23]. Curve 4 describes PCM behaviour during supercooling, a phenomenon where
the material is cooled below the solidification temperature and then rapidly crystallizes,
resulting in a steep temperature rise. This state can occur only if the PCM is fully in
the liquid phase and undergoes gradual cooling. The last region, Region 5, corresponds
to interrupted supercooling, where new temperatures are calculated based on the specific
heat capacity in the liquid phase.

Enthalpy

4% Legend:_

1. Heating curve
Cooling curve
Transition between heating and
cooling curves (without supercooling)
Supercooling curve
Transition between supercooling and
cooling curves

L 1

th =

Hsolid

Tsolia Tliquia Temperature

Figure 1.6: Description of regions in the enthalpy-temperature relationship utilized in the
simulation [19]

Barz and Sommer [4] undertook a comprehensive investigation focused on modelling
approaches for PCH. The study presented a phenomenological perspective on the PCH
phenomenon, wherein the toggling strategy between heating and cooling curves was not
only defined but also implicitly described through mathematical equations. Four distinct
modelling approaches were explored: a static direct mapping model (SDMM), a static hys-
teresis model (SHM), a melting/solidification kinetic model (MSKM), and a solidification
kinetic model (SKM). The four proposed models underwent comparison with experimen-
tal data, utilizing a tube-in-tube heat exchanger as the subject device. Results revealed
notable discrepancies for the SDMM, attributed to its omission of PCH considerations.
The SHM demonstrated significantly improved results. The rate-dependent PCH models
(MSKM, SKM) exhibited even better agreement with experimental data, albeit necessi-
tating additional experimental data for parametrization. The authors concluded that,
for practical applications, the SHM presented the optimal compromise among the four
modelling approaches considered.

Thonon et al. [22] conducted a comprehensive examination of the thermal character-
istics of PCMs, specifically addressing phase change hysteresis and supercooling in both
complete and partial phase change cycles. The study involved subjecting a test rig with
a polymer-based PEG6000 PCM to heating and cooling cycles. Measurements of the PCM
temperature and heat flux on the outer surfaces of a PCM sample were recorded, facili-
tating a thorough thermal characterization. The collected experimental data were used
in an optimization procedure employing two objective functions: the RMSE between sim-
ulated and measured temperatures/heat fluxes. The optimization was carried out using

12



1.1. PHASE CHANGE HYSTERESIS

a genetic algorithm (GA). A Pareto front was employed to handle uncertainties stem-
ming from experimental measurements. The authors reported good agreement in cases
involving complete phase change and partial solidification cycles. The curve-scale partial
phase change modelling technique was identified as the optimal approach for describing
the thermal behaviour of the studied PCM.

Table 1.2: Overview of research works related to partial phase changes

Reference Year PCH modelling Basic principle of phase change
approach modelling
Barz and Sommer [4] 2018 Two The models are formulated by integrating
rate-dependent distinct elements from various approaches
and two
rate-independent
phenomenological
approaches
Bony and Citherlet [17] 2007  Curve-switch The transition between the melting and
solidification curves exhibits a linear decline
with a slope equivalent to the specific heat
capacity c
Chandrasekharan et al. [15] 2013  Curve-track No transition occurs between the melting
and solidification curves until the phase
transition of the PCM is complete
Delcroix et al. [23] 2015  Curve-switch, A simplified piece-wise linear version of the
curve-track, and  curve-scale approach is used in the study.
adaptation of Transitional behaviour is defined according
curve-scale to Bony and Citherlet [17] in case of the
Curve-switch approach and
Chandrasekharan et al. [15] in case of the
curve-track approach
Delcroix et al. [19] 2017  Curve-switch and Both approaches are based on the original
curve-track research by Bony and Citherlet [17] and
Chandrasekharan et al. [15]
Dentel and Stephan [18] 2013  Isothermal Instantaneous switching between the
toggling melting and solidification curves in the
isothermal direction
Rose et al. [20] 2009 Isoenthalpic Instantaneous switching between the
toggling melting and solidification curves in the
isoenthalpic direction
Thonon et al. [22] 2021  Curve-scale Following partial solidification and partial

melting, a reduced-scale representation of
the melting/solidification curve is employed

13



2. ANALYSIS AND CONCLUSIONS OF
LITERATURE REVIEW

2.1. Approches to the numerical modelling of phase change
hysteresis phenomena

The authors primarily employ methods based on effective heat capacity and enthalpy. The
effective heat capacity method (ceg) is generally easier to implement and computationally
faster; however, with increasing time discretization steps, it may yield inaccurate results
and encounter issues with numerical stability [24]. Conversely, the enthalpy method
is slightly more computationally demanding but numerically more stable. Hysteresis can
be described using both of these methods, making it a matter of preference depending
on the specific problem. The numerical model is largely constructed by the authors
as one-dimensional, aiming for reduced computational time and the symmetry inherent
in the given problems. Most authors validate their models using experimental data for
the specific device, although the literature review also includes purely theoretical articles.

2.1.1. One-curve model

In the initial segment of the literature review, fundamental information was presented
regarding materials undergoing phase transitions and the methodologies employed to
model their behaviour. Presently, the basic forms of methods involving effective ther-
mal capacity, enthalpy, or heat recovery have become standard tools in practice, with
hysteresis being completely disregarded [5]. These models are referred to as one-curve
models, as they utilize only a single curve representing the enthalpy-temperature relation-
ship. However, this approach can lead to significant inaccuracies. For instance, inorganic
phase change materials, especially those derived from hydrate salts, are known to exhibit
notable hysteresis effects, with the temperature difference between the onset of melting
and solidification phases extending to several degrees Celsius [25]. This oversight becomes
particularly critical when accurate predictions of thermal performance are essential, em-
phasizing the need for more sophisticated modelling approaches that explicitly account
for the PCH phenomenon.

2.1.2. Two-curve model

The majority of authors [5, 6, 10, 12-14, 26] describe hysteresis using two enthalpy-
temperature curves. One curve corresponds to the heating/melting phase, while the
other pertains to the cooling/solidification of the PCM. This model type is referred to
as the two-curve model and provides a fundamental and intuitive representation of how
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2.1. APPROCHES TO THE NUMERICAL MODELLING OF PHASE CHANGE
HYSTERESIS PHENOMENA

hysteresis occurs. This model has been verified against experimental data [5, 14, 19,
23, 26]. However, it exhibits agreement with experiments only for complete melting and
solidification cycles [23]. In the case of incomplete cycles, a simple two-curve model fails to
achieve agreement with measurements, revealing its incapacity to describe the behaviour
of PCM during interrupted phase transitions [14].

2.1.3. Partial phase change

The modelling of partial phase transformations is well described by Delcroix [19, 23],
building upon earlier works by other authors [15, 17]. The authors present two methods
for transitioning between hysteresis curves (the heating and cooling curves): either along
a line with the slope of the material’s specific heat capacity [17] (often referred to as the
curve-switch model), or back along the heating/cooling curve depending on whether it
is interrupted heating/cooling [15] (also called the curve-track model). Delcroix et al.
[23] successfully combined these approaches—transitions occur in the direction of specific
heat capacity based on [17]. For interrupted cooling, this transition is towards the heating
curve, and in the case of interrupted heating, the transition moves to a curve lying between
the heating and cooling curves [23]. This method has proven effective for this specific task,
but the authors themselves recommend a deeper exploration of the topic and validation
of the model through experiments [19].

Ivshin and Pence [21] laid the theoretical foundation for the curve-scale modelling
approach, which utilises scaled-down heating or cooling enthalpy curves for interrupted
solidification and melting processes, respectively. This approach is very similar to the
above-mentioned work by Delcriox et al. [19]; however, the transition is not piece-wise
linear but rather smooth (depending on the definition of the heating and cooling curves).
Subsequent to its inception, this approach has garnered widespread adoption within the
scientific community, with numerous scholars achieving notable precision in their anal-
yses. Significant contributions include the works of Thonon [22] and Barz [4, 16, 27],
among others, who have all demonstrated the efficacy of this modelling technique, further
solidifying its reputation as a robust framework for elucidating complex phase transition
behaviour.

Models relying on instantaneous toggling, especially the isoenthalpic (proposed by
Rose et al. [20]) and isothermal (introduced by Dentel and Stephan [18]) transitions,
are considered rather unreliable and unsuitable for partial phase change modelling. This
is because such transitions might violate energy conservation laws, resulting in an over-
estimation or underestimation of the latent heat absorbed or released during the phase
transition [19].

2.1.4. Inverse problem

Identification of the heating and cooling effective heat capacity curves, which govern the
thermal behaviour during the phase change, is a rather difficult task. Many authors opted
for experimental measurement methods such as DSC or T-history and simply used the
measured data to construct the two-curve model [5, 6, 10, 13, 14]. However, this may
pose a problem as these measurement methods only represent the properties of a small
sample. In many cases, the obtained enthalpy/effective heat capacity curves cannot be
directly applied in the numerical model without significant inaccuracies [13, 28].
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2.2. SCOPE OF WORK IN RELATION TO THE CURRENT STATE OF
KNOWLEDGE

As an alternative approach, the solution to the IHTPs could be adopted [11]. IHTPs
are gaining traction due to their ability to deduce material properties or boundary con-
ditions from the observed temperature fields. This approach involves the formulation of
an optimization problem where the goal is to minimize the discrepancy between the ob-
served temperature data and the temperature field predicted by a numerical model. The
optimisation algorithm converges towards a solution that best matches the experimental
data by iteratively adjusting the parameters of interest, such as the shape of effective heat
capacity curves or boundary conditions.

2.2. Scope of work in relation to the current state of knowl-
edge

------- Research gaps

Phase change hysteresis Phase change modelling approaches
Two-curve model [ One-curve model ] Effective heat capacity
[5,6,10,13,14] | ‘ method Enthalpy method
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Figure 2.1: The schematic solution of the problem and delineation of research gaps

Based on publications from the state-of-the-art research section, the dissertation thesis
proposes a methodology for the identification of thermal behaviour during PCH using
inverse problems and optimization methods, addressing a significant research gap in the
field (as shown in Figure 2.1). Currently, most authors studying PCM hysteresis utilize
well-established models [5, 6, 10, 13, 14, 26], largely based on experimental measurements
and the two-curve model. A new perspective on behaviour description was proposed
primarily by [4, 19, 22], involving transitions along a curve lying between the heating
and cooling curves. The dissertation will focus on a methodology for identifying PCM’s
thermal behaviour during phase change hysteresis. Furthermore, all of the aforementioned
methods still require additional experimental validation, as they are typically validated
only on a small sample of data or not at all.
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3. AIMS OF THE STUDY

The individual research aims and objectives were specified as results of the mid-term
evaluation as

(A) Description of PCM’s thermal behaviour during the phase change hysteresis (PCH)
phenomenon. Development of the PCH numerical model using the modelling ap-
proaches obtained during the literature review and experimental data measured
with the differential scanning calorimetry (DSC) or temperature history (T history)
method.

(B) Development of a parametric model of enthalpy-temperature dependency during the
PCH.

(C) Investigation of thermal behaviour of PCMs during PCH with the use of inverse
problems and optimisation.

3.1. Scientific questions and hypotheses

Scientific question 1:

o “In what manner can the thermal hysteresis of materials during partial phase tran-
sitions be qualitatively described? How can these qualitative relationships be trans-
formed into the form of a computer model that enables the solution of temperature
distribution in materials during such partial phase changes?”

The working hypothesis, which serves as the fundamental means in seeking an answer to
the aforementioned scientific question, is as follows:

e From the current macroscopic perspective on the issue, capturing hysteresis is suit-
able through the enthalpy-temperature or effective heat capacity-temperature de-
pendence. However, curves for paired changes (e.g., melting and solidification) are
shifted in temperature. Experimental study of partial changes allows the deter-
mination of these curves. Transitions between hysteresis curves in the enthalpy-
temperature dependence during partial phase transformations have a significant im-
pact on the temperature evolution in PCMs [23]. The differential scanning calorime-
try (DSC) method is the most common tool for describing hysteric behaviour [6, 15,
19, 23], but it characterizes only a small amount of material. An alternative is the
T-history method, which can describe the behaviour of a larger amount of PCM [29].
Transitions will be realized between hysteresis curves for melting and solidification,
which will be determined for complete phase transformation. It is appropriate to
conduct these transitions in the direction of specific heat capacity [17, 19, 23] in
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3.2. THESIS LAYOUT

the case of interrupted solidification. For interrupted melting, a transition occurs
to a curve lying between the melting and solidification curves [19]. Current state-of-
the-art research points towards the curve-scale model as the most suitable for partial
phase changes. However, for more complex behaviour (random cycling around the
phase change temperature), it is necessary to appropriately combine or modify these
approaches since none of the current methods adequately describes this phenomenon
by itself.

Scientific question 2:

o “How to parameterize the dependence of specific heal capacity (or enthalpy) on
temperature to best capture the hysteric behaviour of PCMs? In what manner could
the values of the mecessary parameters for these curves be identified?”

Working hypothesis:

o The basis for parameterisation will involve numerical methods for phase change
modelling, specifically the effective heat capacity method and the enthalpy method.
In the first step, a numerical model will be implemented for the specific studied
device. Using the numerical model along with experimentally measured tempera-
ture profiles in specific locations of the studied PCM, an inverse problem will be
designed to identify the effective heat capacity function or the enthalpy dependence
on temperature. This will be achieved through heuristic optimization methods. The
complexity of the task will significantly depend on the parameterisation of the men-

tioned functional dependencies, the type of hysteresis model, and the temperature
profile in the PCM itself.

3.2. Thesis layout

The aim and objectives have been addressed in five stand-alone peer-review journal papers.
The number of citations taken from Scopus as of June 2024:

[I.] ZALESAK, Martin, Pavel CHARVAT and Lubomir KLIMES. o ——
Identification of the effective heat capacity—temperature relation- ™
ship and the phase change hysteresis in PCMs by means
of an inverse heat transfer problem solved with metaheuris-
tic methods. Applied  Thermal Engineering [online]. 2021,
vol. 197, pp. 117392. ISSN 1359-4311. Available from:
doi:https://doi.org/10.1016/j.applthermaleng.2021.117392.

Journal impact factor = 6.4, Quartile Q1 (THERMODYNAM-
ICS; ENGINEERING, MECHANICAL and MECHANICS)
Citations: 19

Author’s contribution: 33 %
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3.2. THESIS LAYOUT

[II] KUDELA, Jakub, Martin ZALESAK, Pavel CHARVAT,
Lubomir KLIMES and Tom#s MAUDER. Assessment of the perfor-
mance of metaheuristic methods used for the inverse identification of
effective heat capacity of phase change materials. Ezpert Systems with
Applications [online]. 2024, vol. 238, pp. 122373. ISSN 0957-4174.
Available from: doi:https://doi.org/10.1016/j.eswa.2023.122373.
Journal impact factor = 8.5, Quartile Q1 (COMPUTER
SCIENCE, ARTIFICIAL INTELLIGENCE; ENGINEER-
ING, ELECTRICAL & ELECTRONIC; OPERATIONS RE-
SEARCH & MANAGEMENT SCIENCE)

Citations: 4

Author’s contribution: 40 % (The first and second authors each con-
tributed 40%.)

[III.] ZALESAK, Martin, Pavel CHARVAT, Lubomir KLIMES,
KUDELA, Jakub and PECH Ondfej. Inverse identification of thermal
behaviour of PCMs during complete and partial melting-to-solidification
cycles. Thermal Science and Engineering Progress. 2024. Article status
is currently Under Review. Manuscript number: TSEP-D-24-00657.
Journal impact factor = 4.8, Quartile Q1 (THERMODYNAM-
ICS; ENGINEERING, MECHANICAL; MECHANICS)
Citations: 0

Author’s contribution: 60 %

[IV.] ZALESAK, Martin, Lubomir KLIMES, Pavel CHARVAT,
Matous CABALKA, Jakub KUDELA and Tom&s MAUDER. Solu-
tion approaches to inverse heat transfer problems with and with-
out phase changes: A state-of-the-art review.  Energy [online].
2023, vol. 278, pp. 127974. [ISSN 0360-5442. Available from:
doi:https://doi.org/10.1016/j.energy.2023.127974.

Journal impact factor = 8.9, Quartile Q1 (THERMODYNAM-
ICS; ENERGY & FUELS)

Citations: 9

Author’s contribution: 35 %

[V.] Tomas MAUDER, Jakub KUDELA, Lubomir KLIMES, Mar-
tin ZALESAK and Pavel CHARVAT. Soft computing methods in
the solution of an inverse heat transfer problem with phase change:
A comparative study. Engineering Applications of Artifical Inteligence.
2024, vol. 133, pp. 108229. ISSN 0952-1976. Available from:
doi:https://doi.org/10.1016/j.engappai.2024.108229.

Journal impact factor = 8, Quartile Q1 (AUTOMATION
& CONTROL SYSTEMS; COMPUTER SCIENCE, ARTIFI-
CIAL INTELLIGENCE; ENGINEERING, ELECTRICAL &
ELECTRONIC; ENGINEERING, MULTIDISCIPLINARY)
Citations: 0

Author’s contribution: 15 %
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4. SUMMARY OF CONDUCTED
WORK

4.1. Paper [l.] (Research goals (A) and (C))

Research paper titled Identification of the effective heat capacity—temperature relationship
and the phase change hysteresis in PCMs by means of an inverse heat transfer problem
solved with metaheuristic methods focused on the application of metaheuristic optimiza-
tion algorithms to the inverse identification of the relationships between the effective
heat capacity and temperature during melting and solidification of PCMs. The study
developed a procedure for the identification of the effective heat capacity-temperature
dependency from the inverse heat transfer problem and tested it on an air-PCM heat
exchanger as a heat transfer problem with phase change. The experimental validation of
the proposed solution procedure for the inverse problem involved two sets of experimen-
tally derived boundary conditions, referred to as cases A and B. Case A was previously
explored in a study conducted by the authors [30], where an air-PCM heat exchanger
consisting of 100 compact storage module (CSM) panels was investigated. For case B, the
boundary conditions were obtained using a slightly modified version of the air-PCM heat
exchanger employed in the aforementioned study [30].
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Figure 4.1: Effective heat capacity curves obtained as a solution to the IHTP (a) for
case A and (b) case B

The research utilised a two-curve model with phase change hysteresis for the phase
change description, assuming the relationship between the effective heat capacity and
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4.2. PAPER [I1.] (RESEARCH GOALS (B) AND (C))

temperature during melting and solidification of the PCM in the form of two asymmetric
Gaussian curves. Each curve is defined by four independent parameters (¢, cr,, Tppe, 0),
expressed by the following equation

Cer(T) = ¢ + ¢z, exp {W } (4.1)

where T, stands for the peak temperature of the phase change, c is the specific heat
capacity in solid/liquid phase outside the phase change temperature range, cr, is the
height coefficient representing the amount of phase change enthalpy, and the sharpness
coefficient o, defined as

. for T < T,
a:{“ oL = e (4.2)

o for T > T,

represents the sharpness and asymmetricity of the co¢(7") function, where o4 and oy is the
sharpness in the solid phase and liquid phase, respectively.

Summary of main findings

The study demonstrated the accuracy of the developed procedure when tested on pre-
simulated data, achieving less than 3 percent error when assessing the phase change
enthalpies. The average temperature difference (error) between the pre-simulated and in-
versely identified outlet air temperature at a time instant was 2.55-10% K and 1.66-10% K for
the particle swarm optimisation (PSO) and differential evolution (DE) methods, respec-
tively. However, the accuracy decreased when the procedure was applied to data obtained
by lab-scale experiments, with the average temperature error between the experimentally
obtained and inversely identified outlet air temperatures at a time instant ranging from
0.032 to 0.039 K, depending on the considered experimental dataset. The most signifi-
cant discrepancy, observed at the end of the solidification processes, was likely a result of
neglecting the secondary phase transitions in the simulation model.

Furthermore, the discrepancy between the phase change enthalpies obtained by the
DSC and those obtained by the solution of the inverse problem ranged from 2.9% to
15.7%. Additionally, the temperatures of the phase change peaks, identified from the
inverse problem, differed by between 0.34 °C and 4.93 °C from the temperatures obtained
from the DSC analysis as shown in Figure 4.1.

4.2. Paper [ll.] (Research goals (B) and (C))

Research paper titled Assessment of the performance of metaheuristic methods used for
the inverse identification of effective heat capacity of phase change materials proposes
an inverse identification procedure which utilises heuristic optimization methods to solve
the inverse problem of determining the effective heat capacity of PCMs with focus on an
air-PCM heat exchanger unit as the investigated device. Contrary to the research paper
[I.], this paper does not discuss the PCH and focuses on the solution to the IHTPs and
parametrisation of the effective heat capacity curve. The mathematical model of the heat
exchanger unit was used to simulate the thermal behaviour of the PCM and generate
pre-simulated (synthetic) data as substitutes for experimental measurements (a similar
approach was also partially adopted in the research paper [I.]). The article compares
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4.2. PAPER [I1.] (RESEARCH GOALS (B) AND (C))

the performance of seven different metaheuristic methods for the inverse identification
procedure applied to the total of 5 different cases. The initial three case studies were
developed with pre-simulated outlet air temperatures using the specified set of input
parameters as shown in Figure 4.2. This ensured the condition OF(p) = OF(ppre—sim) =
= 0, where p is the vector of optimisation variables. The effective heat capacity curves
corresponding to the chosen parameters are depicted in Figure 4.2. All three scenarios
maintained symmetry with respect to the specific heat capacity in the solid and liquid
states (¢, = ¢s).
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Figure 4.2: Pre-simulated (synthetic) effective heat capacity curves

For case studies 4 and 5, pre-simulated data were generated using the heating and cool-
ing effective heat capacity curves obtained from DSC measurements for an organic paraffin-
based PCM (Rubitherm RT42). In these instances, it is ensured that #ip € M : OF(p) = 0,
where M represents the set of feasible solutions specified in the paper. This is due to mul-
tiple peaks and various spikes contained in the effective heat capacity curves from the
DSC measurement.

Summary of main findings

In the comparative study, seven different heuristic optimization methods were analyzed.
The methods included success-history based adaptive differential evolution with linear
population size reduction (LSHADE), DE (Differential evolution), PSO (Particle swarm
optimization), CMA-ES (Covariance matrix adaptation evolution strategy), TLBO (Teach-
ing-learning based optimization), CS (Cuckoo search), and ABC (Artificial bee colony).
The two best-performing metaheuristic methods were LSHADE and DE. LSHADE per-
formed the best when higher computational resources were available and provided results
with better precision when compared to the other methods. On the other hand, DE was
more suitable when lower precision was required, and computational resources were lim-
ited. For the first three case studies, the best found solutions perfectly identified the input
parameters. However, for case studies 4 and 5, the best found solutions of the extended
model had average squared errors of 1.768E-02 °C? and 6.158E-03 °C?, respectively. This
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4.3. PAPER [II1.] (RESEARCH GOALS (A), (B), AND (C))

is due to the much more complex nature of case studies 4 and 5, as the temperature
evolution was calculated with experimental effective heat capacities obtained by DSC
measurement.

The study employed the effective heat capacity method for phase change modeling,
utilizing an asymmetrical Gaussian function as the chosen parametrisation. Therefore,
the effective heat capacity function was defined as

¢s + (ep — ¢s) exp {%} for T' < Type,
co + (em — ) exp {w} for T > Ty,

or

cet(T) = { (4.3)

where ey = cp, + ¢ represents the peak value of the cog function, T, is the peak phase
change temperature, o, and o, describe the sharpness of the Gaussian function and ¢, and
cp are heat capacities in the solid and liquid states, respectively.

The investigation exclusively focused on an approach involving a singular effective heat
capacity curve, thereby disregarding the PCH. The asymmetry of the curve is attributed
to both the shape within the phase change region, formed by the connection of two distinct
Gaussian functions at their peaks, and by the distinction of the specific heat capacity in
the solid and liquid phases. The comparative analysis underscored the critical role of
appropriately parameterising the effective heat capacity curve in the inverse identification
procedure. It was demonstrated that enhancing the accuracy of results is achievable by
introducing distinct specific heat capacity values for the solid and liquid states.

4.3. Paper [lll.] (Research goals (A), (B), and (C))

The research paper titled Inverse identification of thermal behaviour of a paraffin-based
phase change material in complete and partial phase change cycles focused on solving
the IHTPs with PCMs during complete and partial melting-to-solidification cycles. This
paper could be considered the core of this thesis as it deals with all three research goals
(A), (B), and (C). The study involved the construction and validation of a numerical model
for complete and partial phase changes, as well as an assessment of different partial phase
change models. It contains a novel parameterisation approach to effective heat capacity-
temperature relationship based on a two-piece normal distribution (TPND). The research
also utilised an inverse heat transfer problem to obtain effective heat capacity curves
for different cases, specifically focusing on the curve-scale, curve-switch, and curve-track
models.

Summary of main findings

The study delved into the nuances of phase change hysteresis and the importance of ac-
curately modelling PCMs for various applications, particularly in thermal energy storage
systems. The methodology involved the development of a numerical model using the con-
trol volume method in conjunction with the effective heat capacity approach to describe
the thermal behaviour accurately. The experimental setup included a paraffin-based PCM
Rubitherm RT35HC, and the manufacturer-provided effective heat capacity curves were
utilised for validation. To induce both melting and solidification of the PCM, the exper-
imental setup incorporated Peltier cells, which were capable of generating the required
heat flux. A total of 9 Peltier cells were strategically positioned in a uniform 3 by 3 dis-
tribution within an additively manufactured socket grid, and they were placed between
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an aluminium plate and a passive cooler. This arrangement enabled control over the
heat flux applied to the PCM sample, allowing for the simulation of complete and inter-
rupted melting-to-solidification cycles. Temperature monitoring within the experimental
setup was facilitated by the use of PT100 sensors, which were strategically positioned to
capture temperature variations at critical locations. The entire experimental setup was
enclosed in thermal insulation to minimise heat loss and to maintain the integrity of the
experimental conditions.
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Figure 4.3: Results to an IHTP: Case 3 and Case 4

The effective heat capacity function was conceptualised as an asymmetric Gaussian
function. In this context, an analogy with a TPND can be applied, using a formulation
adapted from [31, 32] as

cs+ (co — c)&(T) + Aexp {%‘;eak)z} for T' < Theax,

o+ (co — c)E(T) + A exp {M’} for T > Theat,

2
20'[

cet(T) = (4.4)

where A = Lf\/g((fg + 04)7! is a scaling factor, L; is the enthalpy of fusion, & € [0,1]
represents the liquid fraction of PCM, ¢ and ¢, is the specific heat capacity in the solid
and liquid state, respectively, T" is the temperature, T denoted a peak phase change
temperature, and o, and oy is a skewness parameter for the solid and liquid state, respec-
tively.

The research also involved comparing different modelling approaches, such as the curve-
switch, curve-scale, and curve-track transition-based modelling approaches, to examine
partial phase changes. For complete phase changes, both straightforward one-curve and
two-curve models were assessed and compared with the effective heat capacity curves
provided by the manufacturer.

The accuracy of the different modelling approaches was evaluated, with the curve-scale
model consistently demonstrating superior performance in both cases 3 and 4 for partial
phase changes. The RMSE values for the curve-scale model were reduced by 60% and
99% for cases 3 and 4, respectively, compared to the manufacturer’s data. For complete
phase changes, the two-curve approach exhibited the highest level of accuracy, showcasing
a substantial improvement in RMSE of up to 62% when compared to the manufacturer’s
data. The study also notes that the curve-track model demonstrated the least accuracy
among the three models under consideration for partial phase changes.
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4.4. Paper [IV.] (Research goal (C))

Research paper titled Solution approaches to inverse heat transfer problems with and
without phase changes: A state-of-the-art review provides a comprehensive review of
various methods and approaches for solving inverse heat transfer problems (IHTPs) with
and without phase changes. The review covers a wide range of solution methods, including
conventional iterative methods, meta-heuristic algorithms, fuzzy logic, and data-driven
methods such as artificial neural networks (ANNs) and machine learning (ML). Despite
being a review article, it has been incorporated into the dissertation thesis because it
addresses one of the scientific questions formulated in Chapter 3.1, in particular Scientific
question 2 (“How to parameterise the dependence of specific heat capacity (or enthalpy)
on temperature to best capture the hysteric behaviour of PCMs? In what manner could
the values of the necessary parameters for these curves be identified?”).

Summary of main findings

The review emphasises the challenges associated with solving THTPs, including non-
linearity, multi-modality, high dimensionality, and the lack of detailed physical descrip-
tions of the phenomena. These challenges underscore the need for robust and versatile
solution methods capable of addressing complex and intricate problems. The results in-
dicate that incorporating regularization techniques enables traditional methods to coun-
teract the detrimental effects of noise within the data, potentially enhancing solution
stability and yielding improved outcomes. Nonetheless, effectively choosing optimal reg-
ularization parameters poses a daunting task, requiring careful consideration of the bal-
ance between solution accuracy and smoothness during the process. On the other hand,
the meta-heuristic methods proved as highly adaptable and efficient optimization tools,
often offering a universal solution for problems of diverse complexity. These methods
employ stochastic search algorithms, which explore the search space with greater efficacy
compared to conventional gradient-based methods, thus introducing randomness into the
search process. Meta-heuristic methods have demonstrated increased robustness and ef-
fectiveness, especially in the pursuit of global optima, when contrasted with conventional
approaches. However, it’s important to note that the solution yielded by meta-heuristic
methods doesn’t inherently guarantee the attainment of the global optimum.

The literature has limited insights into the practical application of ANNs and fuzzy
logic in this field due to the significant need for input data. This knowledge gap under-
scores the necessity for further exploration to thoroughly assess the use of ANNs and fuzzy
logic in processes involving heat and mass transfer, both with and without phase changes.
The literature review reveals a lack of information on evaluating and comparing different
methods for solving heat and mass transfer problems. To address this research gap, a thor-
ough comparative study covering various complexities of heat and mass transfer processes
and utilizing a wide range of solution methods would be valuable. Additionally, the paper
emphasises the importance of expert knowledge and experience in selecting appropriate
solution methods for specific heat and mass transfer processes.
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4.5. Paper [V.] (Research goal (C))

Research paper titled Soft computing methods in the solution of an inverse heat transfer
problem with phase change: A comparative study diverges from the other research papers
within this thesis by addressing the inverse identification of boundary heat flux. In con-
trast to papers that concentrate on effective heat capacity curves, this research primarily
focuses on the determination of boundary conditions, with the aim of achieving the re-
search goal (C). The modelling approach dealing with the direct heat transfer problem
(HTP) was based on 1D heat conduction, as shown in Figure 4.4. An inverse identification
framework, applicable to problems both with and without phase change, was established
in this study. It offers an investigation of versatile boundary conditions or material prop-
erties, such as effective heat capacity or enthalpy. Four distinct methods, rooted in diverse
mathematical principles (see Figure 4.5), are employed and comprehensively compared.
The methods encompass a conventional Levenberg-Marquardt method (LMM), a predic-
tive fuzzy logic (PFL)-based approach, a population-based meta-heuristic method named
LSHADE (an advanced variant of differential evolution), and a newly devised surrogate-
assisted method combined with differential evolution, denoted as the LSADE method.

g (), known heat flux g (), unknown heat flux

Solid

Mushy zone

Liquid

/ /

g (7) = 0, thermal insulation g (r) = 0, thermal insulation

Figure 4.4: Tlustration of direct and inverse problems: On the left, a direct problem
is depicted where a known boundary heat flux is given, and the goal is to determine
the temperature distribution. On the right, an inverse problem is presented where the
temperature at a specified location, xq, is known, and the objective is to determine the
boundary heat flux.

Summary of main findings

The study evaluated various methods for solving inverse heat transfer problems with and
without phase change. Conventional methods like the LMM and the PFL method per-
formed well in linear problems without phase change but significantly deteriorated when
phase change was introduced. Conversely, meta-heuristic-based methods like LSHADE
and surrogate-assisted LSADE performed consistently well in both scenarios, significantly
outperforming LMM and PFL. LSHADE and LSADE methods demonstrated stability and
low sensitivity to temperature sensor location, making them superior choices. In contrast,
LMM and PFL methods heavily relied on sensor proximity to achieve acceptable solu-
tions, showing significant performance drops with increasing distance. Furthermore, the
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LSHADE and LSADE methods were identified as suitable for boundary heat flux inverse
problems with phase change, while LMM and PFL were deemed inappropriate due to their
low performance. However, implementing LSHADE and LSADE methods was noted to
be challenging compared to LMM and PFL, which might still serve as viable options for
problems not involving phase change and with sensors located near the surface.
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CONCLUSIONS

This thesis explored the thermal behaviour of phase change materials (PCMs) undergoing
phase change hysteresis (PCH) through numerical and experimental methods. An inverse
identification framework was developed based on solutions to inverse heat transfer prob-
lems (IHTPs), and potential methods for parameterising effective heat capacity curves
were introduced. The key findings address the scientific gaps outlined in Chapter 3:

o In most computer models that incorporate PCH, two separate enthalpy-temperature,
effective heat capacity-temperature, or liquid fraction-temperature curves for melt-
ing and solidification are commonly employed. Therefore, all modelling methodolo-
gies adopt a macroscopic perspective rooted in fundamental thermodynamic prin-
ciples (e.g. effective heat capacity method, enthalpy method). The transition be-
tween these curves, if present, serves as the defining factor for the PCH modelling
approach.

e The complete phase changes can be accurately modelled using the two-curve ap-
proach. However, caution is needed when using melting and solidification curves
from experimental techniques like DSC or temperature-history methods [13]. These
methods assume uniform temperatures across the PCM sample, which may not
reflect real-world conditions in latent heat thermal energy storage systems. Ad-
ditionally, they are limited by small sample sizes and are affected by the chosen
heating/cooling rate. Investigations based on IHTPs are better suited for specific
problems.

o The modelling of partial phase change cycles presents a considerably more intricate
and challenging task, demanding the toggling between the melting and solidification
curves or the incorporation of transition modelling within the temperature range
of phase change. The results of this thesis indicate the superior performance of
the curve-scale modelling approach, closely followed by the curve-switch modelling
approach. In contrast, the curve-track model demonstrated the least favourable
performance and is therefore deemed unsuitable for modelling partial phase changes.
These findings align with previous research on partial phase transitions, supported
by a body of literature, including references such as [16, 19, 22, 23].

o Meta-heuristic methods, known for their versatility and efficiency, often outper-
form conventional optimization techniques by effectively exploring the search space
through stochastic processes. Unlike traditional gradient-based methods like the
Levenberg-Marquardt method (LMM) or Beck’s sequential function specification
method, meta-heuristics are more robust and adept at finding global optima. Re-
cent studies highlight the effectiveness of the differential evolution (DE) method
and its variants, especially those with success-history based parameter adaptation
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and linear population size reduction schemes, such as LSHADE [33, 34]. Although
the particle swarm optimization (PSO) method converges more slowly, it remains
a reliable solution for addressing IHTPs [35].

o The thesis highlights the importance of using the right parameterisation for the
effective heat capacity curve in the inverse identification process. It shows that
incorporating different specific heat capacities for solid and liquid states improves
model accuracy.

Engineers designing latent heat thermal energy storage (LHTES) systems can gain
valuable insights from this thesis. It provides an understanding of the PCH phenomenon
and models both complete and partial phase change cycles and introduces a framework
for the inverse identification of material properties and boundary conditions.

4.6. Future research

Various techniques have been proposed for modelling phase change hysteresis in partial
phase change cycles; however, their validation remains relatively incomplete. Validation
efforts have been confined to specific configurations and materials within only a limited
extent. To establish the overall applicability of the proposed methods, there is a substan-
tial need for comprehensive research that spans a wide range of cases and operational
conditions. This would contribute to a more thorough understanding and confirmation
of the effectiveness of these methods across various scenarios.

While a substantial body of research focuses on solving IHTPs using conventional and
meta-heuristic methods, fewer studies explore artificial neural networks (ANNs), machine
learning (ML), and fuzzy logic for this purpose. Further investigation is needed to assess
the applicability and efficiency of these methods for IHTPs. Advanced ML approaches,
such as physics-informed neural networks (PINNs), supervised machine learning, convo-
lutional neural networks, generative adversarial networks, automated ML, and recurrent
neural networks, also hold promise for IHTP solutions. However, the current knowledge
of these advanced methods in the context of IHTPs is limited, highlighting the need for
more research.

4.7. Limitations

The research outlined in this thesis focused on organic paraffin-based PCMs (in particu-
lar manufactured by Rubitherm from the RT product series). It is essential to exercise
caution when extrapolating and applying the findings to different PCMs, such as salt
hydrates, which can experience PCH with the peak temperature shift of up to several
degrees Celsius [12]. Furthermore, multi-step transitions could significantly widen the
temperature spectrum. For instance, this phenomenon has been observed in fatty acid
esters and paraffins [16], where it arises from a solid-solid latent phase transition at lower
temperatures preceding the solid-liquid transition at higher temperatures. The transi-
tional behaviour during partial phase changes might be influenced by the increasing peak
temperature shift, and other phenomena, such as supercooling, could interfere with the
PCH behaviour. Most of the authors also reported that PCH might be influenced by the
heating/cooling rate applied to the PCM sample.
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ABSTRACT

From the macroscopic point of view, phase change hysteresis (PCH) signifies that the
trajectory of a phase change process (e.g., solidification) doesn’t mirror the temperature-
enthalpy pathway of its inverse process (melting). Despite being a prevalent phenomenon
in most phase change materials (PCMs), it tends to be overlooked in computational
models, leading to disparities when compared with experimental data. PCH becomes
particularly problematic in the modelling of latent heat thermal energy storage systems,
where incomplete or partial phase transitions are frequently encountered. Laboratory-
scale techniques for PCM characterisation, such as differential scanning calorimetry or the
temperature-history method, often employ only small PCM samples, and the resultant
data may prove inadequate for predicting the thermal dynamics of larger PCM volumes.
In this thesis, the state-of-the-art modelling approaches to PCH were investigated and
implemented in the form of a mathematical model. The two-curve model (in its general
implementation) was adopted with good accuracy for complete phase changes. However,
its applicability falls short in scenarios where the phase transition process is interrupted.
The curve-track, curve-switch, and curve-scale models were investigated for partial phase
changes. Among these, the curve-scale model emerges as the most precise, aligning with
the state-of-the-art analysis. On the other hand, the curve-track model exhibits the least
accuracy and is deemed inadequate for partial phase transitions. The presented inverse
identification framework, grounded in solving inverse heat transfer problems (IHTPs),
proved effective in identifying a diverse array of input parameters. However, the pri-
mary emphasis lies in identifying the effective heat capacity curves and their associated
parameters. These curves were parameterised using an asymmetrical Gaussian function,
incorporating differing specific heat capacities for the solid and liquid segments and divid-
ing each curve into two Gaussian functions separated by the phase change temperature,
with skewness introduced for each segment. The thesis demonstrated that this asymme-
try resulted in a closer alignment with experimental data. Meta-heuristic optimization
techniques were found to be robust and precise in addressing IHTPs, with the differential
evolution (DE) method and its variants, particularly the success-history based adaptive
differential evolution with linear population size reduction (LSHADE), demonstrating
superior performance compared to other meta-heuristics.
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ABSTRAKT

Z makroskopického hlediska znamend hystereze zmény skupenstvi (PCH - z angl. phase
change hysteresis), ze trajektorie procesu fazové zmény (napiiklad tuhnuti) nezachycu-
je teplotné-entalpickou cestu svého inverzniho procesu (téni). Pfestoze je to bézny jev
u vétsiny materiala pro fazovou zménu (PCMs - z angl. phase change materials), ¢asto
se prehlizi v pocitacovych modelech, coz vede k rozdilim ve srovnéni s experimental-
nimi daty. PCH se stava zvlasté problematickou pfi modelovani systémt pro ukladani
tepelné energie, kde casto dochéazi k netplné nebo ¢astecné fazové preméné. Laboratorni
pristupy k charakterizaci PCM, jako je diferencialni skenovaci kalorimetrie nebo metoda
teplotni historie, umoznuji studium pouze malych vzorki PCM a vyslednd data se mohou
ukazat jako nedostatecna pro predikci tepelné dynamiky vétsich objemi PCM. V této
praci byly zkouméany a implementovany moderni pristupy k modelovani PCH ve formé
matematického modelu. Pro uplné fazové zmény byl pouzit dvoukrivkovy model s dobrou
presnosti, nicméné jeho zakladni varianta selhava v situacich, kde je proces prechodu faze
prerusen. Déle byly zkoumany modely curve-track, curve-switch a curve-scale pro castec-
né fazové zmény. Mezi nimi se model curve-scale jevi jako nejpresnéjsi a v souladu se
soucasnym stavem poznani v této oblasti. Na druhou stranu model curve-track vykazuje
nejmensi presnost a je povazovan za nevhodny pro ¢astecné fazové premény. Predstaveny
framework pro inverzni identifikaci, zalozeny na feseni inverznich problému prenosu tepla
(IHTPs - z angl. inverse heat transfer problems), se ukazal jako velmi G¢inny pfi identifi-
kaci riznych vstupnich parametri. Primarni diraz byl vsak kladen na identifikaci krivek
efektivni tepelné kapacity a s nimi souvisejicich parametri. Tyto krivky byly parame-
trizovany pomoci asymetrické gaussovské funkce, kterd zahrnovala rtizné mérné tepelné
kapacity pro pevnou a kapalnou ¢ast a kazdou krivku rozdélila do dvou gaussovskych funk-
ci oddélenych teplotou fazové zmény, pricemz byla zavedena Sikmost pro kazdy z téchto
segmenti. Prace ukéazala, Ze tato asymetrie vedla k lepsi shodé s experimentélnimi daty.
Bylo zjisténo, ze metaheuristické optimalizacni techniky jsou robustni a presné pri reseni
[HTPs, pricemz metoda diferencidlni evoluce a jeji varianty, zejména metoda zalozena na
historii ispéchu adaptivni diferencidlni evoluce s linearnim snizovanim velikosti populace
(LSHADE), prokazaly lepsi presnost ve srovnani s jinymi metaheuristikami.
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