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ARTICLE INFO ABSTRACT
Keywords: Phase change materials (PCM) have been widely investigated for heat storage and transfer applications.
Phase change material Numerous numerical simulation approaches have been proposed for modelling their behaviour and predicting
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Kinetic

Subcooling

Thermal energy storage

their performance in thermal applications. However, simulation approaches do not consider the kinetics of the
phase transition processes, compromising the accuracy of their predictions. The phase change is a kinetically
driven process in which both the reaction rate and the reaction progress depend on the heating schedule. This
work evaluates and parametrises the influence of kinetics in the melting and crystallisation behaviour of a well-
known PCM, PEG1500, and compares potential discrepancies with common phase change parametrisation al-
ternatives. The kinetic dependence was experimentally evaluated through differential scanning calorimetry
(DSC). The kinetic parameters required for modelling the kinetics of the processes were determined by both
model-free and model-fitting procedures following ICTAC (International Confederation for Thermal Analysis and
Calorimetry) recommendations. Then, the phase transition was parametrised through a kinetic model and
compared with three conventional phase transition models: linear without hysteresis, non-linear without hys-
teresis, and non-linear with hysteresis. The statistical comparison between models demonstrates the higher ac-
curacy of the kinetic approach to correctly represent the partial enthalpy distribution of latent heat storage
materials during alternative phase change rates, obtaining a coefficient of determination (R?) of 0.80. On the
other hand, the accuracy of kinetic-independent models is limited to the range from 0.40 to 0.61. The results
highlight the high discrepancies of conventional models compared to the kinetic approach and provide criteria
and guidelines for efficient kinetic modelling of phase change in heat transfer evaluations.

techno-economic evaluations [8-10]. However, all the numerical
modelling approaches are based on kinetic-independent phase transition

1. Introduction functions defined through experimental or commercial data, whose
performance could not represent the final PCM behaviour.

Phase change materials (PCMs) have attracted considerable atten- There are different approaches to characterise and parametrise the
tion for thermal energy storage (TES) applications [1,2] as they show phase change in heat transfer energy models. Most used parametrisation
benefits related to their high TES density [3], constant temperature [4] approaches are based on the definition of phase change through linear
and reduced heat losses [5]. The thermophysical properties of PCMs transition functions, non-linear functions, linear or non-linear functions
have been widely investigated in the literature in order to achieve an with hysteresis, or the direct use of experimental data.
adequate phase change temperature for the corresponding TES appli- Linear transition functions represent the most extended para-
cation, high latent and specific heat capacity, high thermal conductivity metrisation approach to define phase change fraction as a function of the
and good thermal stability and reliability under cycling [6]. An exten- temperature [11]. This two-phase linear model is usually determined
sive portfolio of commercial PCMs is available in the market [7]. through tabulated data from differential scanning calorimetry (DSC)
Furthermore, numerous mathematical and numerical simulation ap- measurements or simple commercial information (i.e. total latent heat
proaches of PCMs have been proposed to evaluate potential applied capacity, kJ/kg) in order to define enthalpy-temperature or apparent

energy solutions with a considerable saving in time and investment in
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Nomenclature

A Arrhenius preexponential factor, s ™!

[N specific heat, J-.g~ 1K *

Cp apparent specific heat, J-.g 1K1

DSC differential scanning calorimetry

Ea activation energy, J-mol

h hill slope

ICTAC International Confederation for Thermal Analysis and
Calorimetry

In indio

m; measured value

n number of measured data points

PCM phase change material

PEG Poly(ethylene glycol)

R universal gas constant, 8.3145 J-K*-mol !

R? coefficient of determination

s control factor

Si Simulated value

t time

T temperature, °C

TES thermal energy storage

Greek letters

a solid-liquid conversion, being 0 is fully solid state and 1 for
a fully liquid state.

AH latent heat capacity, J-g

Subscript and superscript

1 liquid
max maximum
min minimum
S solid

heat capacity-temperature curves in a simple way. For example, Ascione
et al. [12] used this approach to characterise the enthalpy-temperature
curve to evaluate the benefits of PCM plaster to improve building per-
formance. Diaconu and Cruceru [13] simulated with this approach the
performance of a PCM wall. Lizana et al. [14] defined a linear
enthalpy-temperature curve to simulate the performance of a latent heat
storage tank in TRNSYS software. Xu et al. [15] considered a linear
liquid fraction for evaluation of the interface evolution of a PCM
with/without porous media, and Xu and Zhao [16] for the thermal ef-
ficiency analysis of cascaded latent heat/cold storage.

Another widely used approach is based on the definition of transition
curves through non-linear functions, such as probability distribution
functions [17,18] or cubic spline interpolating polynomials [19], whose
parametrisation corresponds to the fitting of phase transition model to
experimental data by numerical solution of a non-linear regression
problem. For example, Piselli et al. [20] defined non-linear enthalpy--
temperature function for PCM board using commercial data, and Biswas
et al. [21] modelled enthalpy curve through a Gaussian function.

Other simulation approaches implement two hystereses through
linear or non-linear functions to consider the material’s subcooling ef-
fect. For example, Hu and Heiselberg [22] evaluated the performance of
a new ventilated window with a PCM heat exchanger considering PCM
hysteresis in COMSOL Multiphysics. However, this hysteresis model is
not often considered in the modelling of PCM systems [9], and according
to Moreles et al. [23], it can have a significant influence on the final
performance. Additionally, other numerical methods can implement
experimental heat capacity-temperature data obtained from DSC mea-
surements to define two separate enthalpy curves for melting and
freezing in order to consider the hysteresis effect. This approach was
used by Lizana et al. [24] to simulate PCM-based passive cooling ap-
plications’ performance. All these phase transition parametrisation al-
ternatives have been widely used in the enthalpy-based method,
apparent heat capacity method and heat source method, among others,
to simulate PCM-based applications [25,26]. A detailed definition of
these numerical simulation methods is provided by Asgharian and
Baniasadi [8].

It should be highlighted that all these previous parametrisation ap-
proaches are based on static phase transition models, which are inde-
pendent of the heating or cooling rate. The kinetics of the phase
transition processes has been seldom considered in PCM numerical
modelling [8,27]. The kinetics of phase change refers to modifying
melting or solidification conditions based on the reaction rate and the
reaction progress. While for the static hysteresis model, the phase
change is modelled with two static curves, one for melting and another
for solidification, in the kinetic model, the phase change is defined as an

intrinsic dynamic variable as a function of temperature (T) and time (t).
Thus, in this case, melting and crystallisation behaviour (or curve) will
depend on rate function k(T) and reaction function f(«) that characterise
the kinetic model.

Heating and cooling rates can widely influence PCM performance, as
heat capacity and crystallisation temperatures are highly affected by
operating conditions. In this case, a kinetic model, commonly applied in
solid-state reactions [28-33], can be used to define through a mathe-
matical description the course of the reaction for each step as a function
of conditions in the system [34]. This parametrisation model can sup-
port the macroscopic modelling approach of PCM regions in which
phase change occurs over a temperature range, in which solid and liquid
phases coexist. For example, Paberit et al. [27] evaluated the phase
transition for different thermal conditions of Poly(ethylene glycol)
(PEG) of six molecular weights, showing how the degree of supercooling
is dependent on the cooling rate. The results demonstrate that the
characterisation of PEGs and their composites should be conducted by
parametrising kinetic performance. Moreover, it should be noted that
although characterisation of phase transition at heating and cooling
rates close to the thermal conditions of the intended TES application can
be carried out, a modification of operating conditions will not reflect the
appropriate material performance. The kinetics of phase change is an
essential issue to be considered [35] since it can largely affect the heat
transfer capacity of the PCM region [36,37].

This work evaluates the kinetic influence in PCM’s melting and
crystallisation behaviour and compares the potential discrepancies be-
tween the parametrisation alternatives of phase transition in PCM nu-
merical modelling. Polyethylene glycol (PEG) with an average molar
mass of 1500 was selected as reference material. The kinetic dependence
of phase transition was experimentally evaluated through differential
scanning calorimetry (DSC), and the kinetic parameters (activation en-
ergy, preexponential factor and kinetic model) were determined by both
model-free and model-fitting approaches following the recommendation
of the International Confederation for Thermal Analysis and Calorimetry
(ICTAC) [29,38]. Then, the phase transition was parametrised through a
kinetic model and compared with three conventional phase transition
models: linear without hysteresis, non-linear without hysteresis, and
non-linear with hysteresis. Finally, the phase transition parametrisations
were compared at different heating and cooling induced rates from the
point of view of phase conversion and partial enthalpy-temperature
evolution, highlighting discrepancies in material performance and
providing criteria for efficient PCM numerical modelling. The main
research contributions in this work are:
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e Experimental kinetic characterisation of PEG1500, highlighting the
high kinetic-dependent phase transition of material and determining
the kinetic parameters that describe the phase transition process.
Systematic definition and application of different parametrisation
alternatives for phase change modelling, using PEG 1500 as a
reference material. Measured and numerical models are compared
and discussed. It involves the first kinetic model of PEG1500, whose
kinetic parameters were obtained through model-free (isoconver-
sional) and model-fitting (combined kinetic analysis) approaches.
Identification of discrepancies in material performance through
kinetic-independent and kinetic-dependent phase transition models,
providing criteria and guidelines for a reliable PCM characterisation
and modelling.

The paper is structured as follows. First, the PCM material, experi-
mental characterisation methods and parametrisation alternatives of
phase change are described. Afterwards, the results and discussion are
provided, which are divided into four sections: thermal and kinetic
characterisation of PEG1500, parametrisation results of phase transition
models, evaluation of phase transition models through temperature-
induced, and statistical comparison of partial enthalpy distribution ob-
tained per phase transition model for energy balance problems. Finally,
the conclusions are provided, highlighting discrepancies between PCM
modelling alternatives and providing guidelines for reliable numerical
modelling of PCM.

2. Materials and methods
2.1. Materials

PEG1500 was commercially provided by Sigma-Aldrich, whose
properties are detailed in Table 1.

This PCM has been widely studied due to their favourable properties
for thermal energy storage applications. PEG1500 has an adequate
melting temperature for low-to-moderate heat storage and high latent
heat capacity with chemical and thermal stability under cycling [39].
Moreover, it is non-flammable, non-toxic, non-corrosive and has a
low-to-moderate cost [6]. As a disadvantage, it presents low thermal
conductivity as other organic materials.

2.2. Experimental characterisation methods

Latent heat capacity, melting temperature and kinetic performance
of PCM at different heating/cooling rates were evaluated using Differ-
ential scanning calorimetry (DSC). DSC Q200 instrument from TA In-
struments company was used, which measures the difference in the heat
flow rate between a sample and inert reference as a function of time and
temperature. The apparatus was calibrated using the melting tempera-
ture and latent heat of a standard certified reference material (In). DSC
samples were encapsulated in hermetic aluminium pans with a mass
between 5.00 and 10.00 mg. This thermal analysis using low mass im-
proves heat transfer and minimises thermal gradients within the sample,
as is recommended by ICTAC [29,38]. Tzero Pans (container of the
sample material) and Tzero hermetic Lids (cap of the container) were
used. The first cycle was omitted as it reflects the previous thermal
history of the material. Moreover, this first premeeting ensures good
contact between the sample and the crucible, necessary for reliable

Table 1

Physical properties of PEG1500 (data provided by Sigma-Aldrich).
Property Units Value
Density (20 °C) Kgm™3 1200
Melting temperature °C 43-59
Average molecular mass g-mol ! 1400-1600
CAS number 25322-68-3
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results. Measurements were carried out in a temperature range from 0 to
75 °C with heating/cooling rates of 0.5, 1, 2.5, 5, 10 and 20 °C-min”},
under a purified nitrogen atmosphere with a flow rate of 50 ml-min~'.
The melting onset temperatures were obtained by the tangent at the
point of the largest slope on the DSC curve. The latent heats of phase
change were determined by numerical integration of the area under the
peaks.

Specific heat capacity (cp) was measured with a Sensys Evo (DSC)
instrument from SETARAM Instrumentation using a continuous c,
determination programme. This instrument is a CALVET calorimeter
with 3D sensor, that totally surrounds the sample so that the entire
energy of any transformation is monitored. The instrument was cali-
brated using the Joule effect. A mass of 97.7 mg was employed in an
aluminium crucible, and the first cycle was also omitted. Measurement
was carried out in a temperature range from -20 to 80 °C with a heating
rate of 2 °C:min~}, under a purified nitrogen atmosphere with a flow

rate of 30 ml-min~".

2.3. Structure and parametrisation of phase change modelling approaches

The parametrisation of phase change is carried out through three
conventional models (or kinetic-independent phase transition models)
and one kinetic model (kinetic-dependent model). They simulate the
overall structure of PCM by one characteristic parameter, alpha (o),
which range from 0 to 1 in order to simulate the solid-liquid conversion
(or phase change) from a fully solid state (a=0) to a fully liquid state
(a=1).

Kinetic-independent phase transition models are a static linear
model (linear without hysteresis), a static non-linear model (non-linear
without hysteresis) and a static hysteresis model (non-linear with hys-
teresis). The kinetic-dependent phase transition model (kinetic model) is
based on a kinetic parametrisation for a. Further details of the structure
and parametrisation approaches for each model are defined below.

2.3.1. Static linear model through linear regression

The simplest approach for modelling phase change consists of a static
linear transition, which models solid-liquid conversion from 0 (fully
solid) to 1 (fully liquid) using a linear regression according to Eq. (1).
Experimental data obtained at a heating rate of 5 °C-min~! were used for
this modelling approach.

a=a(T)=a+bT @

2.3.2. Static non-linear model through logistic regression

A more detailed static non-linear model is defined through a
sigmoidal function. In this case, a five parameters logistic regression is
used to determine the solid-liquid conversion from 0 to 1, according to
Eq. (2). The experimental curve obtained at a heating rate of 5 °C-min~!
was used for this modelling approach.

XpaxA— min 1
NS
T
(4 (7))
where:

To: temperature of half conversion;
h: hill slope;
s: control factor

@

a=a(T) =y, +

2.3.3. Static hysteresis model

Static hysteresis is an extension of the static non-linear model, which
considers the subcooling behaviour of the material. In this case, the
phase change is modelled with two static curves, one for melting and
another for solidification. These static curves are independent of the
heating or cooling schedule followed by the material. Thus, PEG1500 is
modelled following two sigmoidal functions, one five parameters lo-
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gistic regression identical to previous Eq. (2) for the heating process, and
another one fitting the cooling/solidification process. The sign of the
temperature rate (dT/dt) is used to distinguish between heating and
cooling curves according to Eq. (3). Experimental heating and cooling
curves obtained at 5 °Cemin~! were used for this modelling approach.

dr
—al T, sien— 3
a a( ,sign dt) 3)

2.3.4. Kinetic model

The kinetic model considers a kinetic-dependent phase transition for
a. It requires the definition of solid-liquid transition, from O to 1, as an
intrinsic dynamic variable as a function of temperature (T) and time (t).
The kinetic-dependent transition of this thermally stimulated process is
parameterised in terms of T and « according to Eq. (4) [34], which de-
scribes solid-state processes far from equilibrium by multiplying two
functions related with the dependence on temperature (or rate function)
k(T) and the reaction function f(a) :

= — k1)) @
where:

t: time,

T: temperature,

a: phase change conversion from 0 to 1.

The rate function, k(T), is almost universally represented by the
Arrhenius equation (Eq. (5)).

k(T) = Ae EoRT (5)

where:

A: Arrhenius preexponential factor

Ea: activation energy

R: universal gas constant

The kinetic analysis is divided into two steps. Firstly, model-free
(isoconversional) kinetic analysis was used to determine the activation
energy (Ea) and evaluate if the kinetic process can be considered a
simple process with constant activation energy. Secondly, the combined
kinetic analysis was used to validate the results obtained through the
isoconversional method and calculate the global kinetic parametrisation
associated with the solid-liquid transition. Kinetic analysis was per-
formed following the ICTAC kinetics committee recommendations for
performing kinetic computations [29]. Further details are described
below:

Model-free (Isoconversional) kinetic analysis. The Friedman iso-
conversional method [40] was used to estimate the activation energy of
the solid-liquid transition as a function of the extent of conversion. This
method provides the activation energy without considering the kinetic
model followed by the process, and it is based on Eq. (6), obtained from
Egs. (4) and (5) [41].

da Ea,
In (E) ) =C- RT, (6)

Where C = In(Af(x)) is constant for a constant value of the extent of
conversion. Thus, the activation energy values for given values of o are

obtained from the slope of the plot of In (‘;—’j) versus Tl

Model-fitting (combined kinetic analysis). The combined kinetic
analysis [28] was developed to determine the kinetic triplet (E, A and
f(a)) associated to the solid-liquid transition, without assuming a kinetic
model for the process. Thus, the reaction function, f(a), is defined
following the general form shown in Eq. (7) (modified Sestak-Berggren
equation), which can accurately fit every ideal kinetic model proposed
in the literature by adjusting the parameters n and m [28,42].

fla)=c(l—a)" a" 7
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This equation simplifies the kinetic analysis since the kinetic model is
determined in a second step with the help of master plots.

The kinetic equation for the combined kinetic analysis is obtained
from the general kinetic equation (considering Egs. (4), (5) and (7)), by
taking logarithms and reorganising the terms (Eq. (8)):

da Ea
dt — . _ =
In =@ In(cA) RT (€))

A set of different curves measured under different temperature pro-
grams is substituted into the equation, and the left-hand side is plotted
versus 1/T. An optimisation procedure is employed for calculating the
parameters n and m that give the best linear fit to the plot, and the values
of Ea and In(cA) are obtained from the slope and intercept, respectively.

2.4. Simulation of phase transition models

The parametrised phase transition models, defined in Section 2.3,
were implemented into a numerical simulation algorithm developed in
Python code. This numerical modelling calculates the conversion
progress through constant and variable temperature programmes.
However, it should also be noted that certain assumptions need to be
made for the hysteresis modelling, particularly when the process is
reversed while the material is still within the phase change range [17].
Thus, in the case of hysteretic transition behaviour, related to a change
of direction (or hysteresis) in the middle of conversion progress, the
mathematical model proposed by Ivshin and Pence [43], defined in Eq.
(9), is used to simulate the transition hysteresis. This transition model-
ling is considered in the static hysteresis model (depicted in Section
2.3.3).

1 —(ti)
I =pear (T (ti-1))

_ a(tl-,l)
B acuu/(T(tifl))

at)=1- (1 = e — (T(1:))) ifsignil—]; >0
©)

dr
a(t;) ~Ueoot (T(1;)) ifsignE <0

where:

a(ti_1): initial conversion situation (t_1)

Qneat(T(ti—1)) : expected situation for the initial conversion (t;_1) in
heating hysteresis

aneat(T(t;)): expected situation for the conversion at time () in
heating hysteresis

ool (T(ti—1)) : expected situation for the initial conversion (t;_1) in
cooling hysteresis

ool (T(ti)): expected situation for the conversion at time (t;) in
cooling hysteresis

The capabilities of the numerical modelling approaches were tested
using two temperature test profiles, T(t). The first temperature pro-
gramme consists of sequential heating and cooling ramps of 10, 5, 2.5, 1
and 0.5 °C-min~"! from 10 to 70 °C. The second temperature programme
is based on three heating and cooling ramps of 1, 2.5 and 5 °C-min"?, in
which temperature direction is sequentially changed in the middle of the
conversion progress.

2.5. Determination of apparent heat capacity for heat transfer in energy
balance models

The apparent specific heat capacity (or partial enthalpy distribution)
is obtained for each phase transition model according to Eq. (10) [17,
441, which combines the sensible and latent heat terms into a single
linear formulation [45].

da

¢, = —a)cf) +dT

AH +a-c, (10)

where:
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cll,: specific heat capacity in liquid phase, J.g~1-K™?

¢, specific heat capacity in solid phase, J g Lk!

a: phase change conversion, from 0 to 1

AH : latent heat capacity, J-g~!

With this modelling approach, having @ and T is possible to calcu-
late the apparent heat capacity of the material.

2.6. Statistical comparison of phase transition models

The accuracy of phase transition models was statistically evaluated
and compared using the coefficient of determination (R? or R-squared),
a statistical index commonly used to measure how close simulated
values are to the regression line of the measured values [46,47]. It is
expressed in Eq. (11), where m; is the measured value, s; is the simulated
one and n the number of measured data points. The result ranges be-
tween 0.00 and 1.00, where the higher the value of R?, the more suc-
cessful the simulated values match the measured ones.

2

R — DD RUUD L an
V(S = (L)) (e - (SL))

3. Results and discussion

The results are shown and discussed in four sections related to the
thermal and kinetic characterisation of PEG1500, parametrisation re-
sults of phase transition models, evaluation of phase transition models
through temperature-induced, and statistical comparison of phase
transition models for heat transfer in energy balance models.

3.1. Thermal and kinetic characterisation of PEG1500

The experimental DSC curves registered under different heating and
cooling rates are illustrated in Fig. 1. The first cycle was omitted as it
reflects the previous thermal history of the material. Fig. 2a shows the
normalised DSC signals of melting and crystallisation, and Fig. 2b the
cumulative normalised phase transition, from 0 (fully solid) to 1 (fully
liquid), as determined from experimental DSC curves in Fig. 1.

The results show a non-ideal phase transition behaviour, where
solid-liquid conversion takes place over a temperature range in which
both phases coexist. All heating curves have the same melting point at
37.0 °C, and a latent heat capacity of 158.8 J-g~* (£2).

The DSC curves show that PEG1500 melting is a thermodynamically-

6
—— 0.5 °C/min
SN e 1 °C/min
l —— 2.5 °C/min
~ e 5 °C/min
—— 10 °C/min
) N S 20 °C/min

Cooling

Heat flow (W/g)

Heating
-2 N

4 N /

T T T T T T T T
10 20 30 40 50 60

Temperature (°C)

Fig. 1. DSC curves of PEG1500 for heating (melting) and cooling (solidifica-
tion) at different temperature rates.
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controlled process. The broadening of the experimental curves as the
heating rate increases is mainly due to different phenomena associated
with heat conduction in the pans, heat transfer and apparatus design
[17]. This is also justified since all heating curves have the same onset
temperature at approximately 32.5 °C and melting point at 37.0 °C.
Conversely, the crystallisation temperature of PEG1500 is highly
affected by the cooling rate, showing different subcooling grades in their
hysteresis under different cooling rates. Thus, the crystallisation point is
reduced as the cooling rate increases. These results demonstrate the
significant influence of kinetics on the crystallisation process.

This supercooling effect is found in many PCMs for thermal energy
storage applications, such as salt hydrates and sugar alcohols [7,48,49].
And it is strongly affected by the cooling or heating rate, as we can see in
Figs. 1 and 2. The higher rate, the more considerable subcooling hys-
teresis. This means that for high power heat/cool applications, high
subcooling implications are expected. But on the other hand, for the case
of thermal comfort applications, in which PCM is expected to be exposed
to slow temperature changes, no important subcooling occurs [27], so
general assumptions can be taken.

This subcooling behaviour is induced by the nucleation and growth
kinetics of crystals forming the PCM. Consequently, when the sample is
cooled rapidly, the crystalline structure grows at a lower temperature,
producing this hysteresis effect. Moreover, in the case of PEGs, several
types of “crystals” can be formed during the crystallisation and even
during storage, which results in different inner structures and different
melting/solidification behaviours [27]. They can be observed when
multiple melting peaks are found in DSC curves, reflecting a diverse
population of crystalline lamellae.

The results of specific heat capacity (cp) using a continuous deter-
mination programme are detailed in Fig. 3. PEG1500 shows a specific
heat capacity of 1.59 J-g~*-K* and 2.21 J-g~ 1K ! for solid and liquid
states at 20 °C and 60 °C, respectively. All thermal properties experi-
mentally evaluated are summarised in Table 2.

3.2. Parametrisation of phase transition models

3.2.1. Static linear model through linear regression

The optimal fitting for the static linear model is described in Eq. (12),
which defines the solid-liquid process as a linear function obtained from
the experimental data acquired at 5 °C-min~! heating rate.

0 if T <3836
(T) =4 0.101-T — 3.856 if38.36 < T < 48.31 12
1 ifT > 4831

3.2.2. Static non-linear model through logistic regression

The optimal fitting for the static non-linear model is described in Eq.
(13), which defines the solid-liquid process as a non-linear function
based on the experimental data obtained at 5 °C-min " heating rate.

1
a(T) = 0.321 13

—42.164
()

3.2.3. Static hysteresis model

The optimal fitting for the static hysteresis model is described in Eq.
(14), which defines the solid-liquid process as two non-linear functions
aiming to consider the subcooling behaviour of the material. They were
defined using the experimental data obtained at 5 °C-min "~ for heating
and cooling, respectively.
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Fig. 2. Normalised DSC signals associated with phase change of PEG1500. a, Normalised DSC signals after baseline correction. b, Cumulative normalised DSC signals

representing (liquid mass) phase fractions, from 0 (fully solid) to 1 (fully liquid).
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4
<
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Fig. 3. Specific heat of PEG1500 obtained through a continuous c, determi-
nation programme.

Table 2
Experimental thermal properties of PEG1500.
Property Units Values
Melting temperature °C 37.0
Latent heat Jg! 158.8
Specific heat (solid, 20 °C) J-g’l-K’1 1.59
Specific heat (liquid, 60 °C) Jg Lk! 2.21
1 . dr
a(T) = 45,848 2160 0771 if sgnE >0
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1 . dr
a(T) = om i sgn—- <0
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1 o
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3.2.4. Kinetic model

The kinetic model involves the parametrisation of melting phase
change as a non-kinetic process and the crystallisation as a kinetic
conversion, as was previously demonstrated and justified in Section 3.1.

Thus, melting was characterised using the non-linear function defined in
Eq. (13), and the kinetic solidification process was parametrised ac-
cording to the procedure specified in Section 2.3.4, whose results are
described as follows.

The apparent activation energy values as a function of the extent of
conversion were first determined by a model-free procedure: the
Friedman isoconversional analysis. The experimental curves shown in
Fig. 2 were analysed simultaneously using Eq. (6). Fig. 4 presents the

plots of In (%)

0.2-0.8. The plots can be reasonably well fitted by linear regression. The
results show that the activation energy throughout the phase transition
is approximately constant, with an average value of -104 + 3 kJ-mol .
These results indicate that the phase transition can be considered a
single process that may be described by a unique kinetic triplet.

The experimental data evaluation through the model-fitting (com-
bined kinetic) analysis determined the kinetic triplet (Ea, A and f(a)) to
simulate the kinetic performance of the material. Fig. 5a includes the

versus -+ for the extent of conversion values in the range

plot of In (l—fﬁ versus 1/T (Eq. (8)). From the optimisation, the
-3.5 4
-4 -
4.5
g

3 0,2

£ 0,3

04

5.5 0.5

0,6

0,7

6 e 08

T T T T
0.00325 0.0033 0.00335 0.0034
1T

Fig. 4. Friedman plots resulting from the isoconversional analysis for selected a
values of the experimental curves presented in Fig. 2.
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Fig. 5. Plots resulting from the combined kinetic analysis. a, Combined kinetic
analysis of experimental curves included in Fig. 2 employing Eq. (8) to deter-
mine n and m parameters resulting from the optimisation procedure. b, Com-
parison of the f(a) functions (solid lines) normalized at a=0.5.

experimental data can be simultaneously fitted into a straight line for n
and m values of 1.05 and 0.66, respectively. Interestingly, the slope of
the straight lines leads to an apparent activation energy of -110 + 3
kJ-mol ™!, which is in excellent agreement with the result obtained from
the Friedman isoconversional analysis. The intercept gives a pre-
exponential factor (A) of 1.7.107 21571, Therefore, the reaction function

obtained from the analysis is f(a) = (1 — a)**®® %5, The final results
are summarised in Table 3.

The comparison with master plots (Fig. 5b), for the ideal kinetic
models reported in the literature (normalised at f(0.5) to better distin-
guish the different plots), indicates that the experimentally obtained
reaction function closely match the ideal model corresponding to A2

nucleation and growth of nuclei (Avrami-Erofeev kinetic model). This

Table 3
Kinetic triplet (Ea, A and f(«)) obtained from the combined ki-
netic analysis.

Parameter Values
Ea -110,000 (+3) J-mol !
A 1.7.1072 57!

f(o)=(1-0)"™ n=1.053; m=0.66
R 8.3145 J-K -mol !
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kinetic model implies the instantaneous nucleation (saturation of sites
capable of nucleation before growth) and the subsequent two-
dimensional growth [50]. It is important to remark that the activation
energy and the kinetic model have been obtained without previous as-
sumptions regarding the kinetics of the process.

3.3. Evaluation of phase transition models through temperature induced

The results obtained for the parametrisation of phase transition
models, defined in Section 3.2, are evaluated and compared in this
section through complete and incomplete phase transitions. In this
evaluation, the temperature is considered as an input value to the
different phase transition models. The simulated results of conversion
progress (@), from 0 (fully solid state) to 1 (fully liquid state), are plotted
in relation to experimental results obtained at 5 °C-min " as reference
values: melting curve plotted as a dashed red line and crystallisation
curve as a dashed blue line.

Fig. 6. shows the simulated results of phase transition models with
temperature induced through a heating/cooling rate decreasing
throughout the time with the following velocities: 10, 5, 2.5, 1 and 0.5
°C-min L.

The results reproduce the “complete phase transition progress” ob-
tained through these temperature profiles, showing a large deviation
between the proposed phase change modelling approaches. These dis-
crepancies between measured and simulated data are mainly due to the
subcooling effect and the kinetic-dependent behaviour of the material.

For the case of kinetic-independent phase transition models, the
static linear model (Fig. 6a), characterised by a linear function, repre-
sents the simplest phase transition model; and the static non-linear
model (Fig. 6b) involves the non-linear progression of phase transi-
tion, smoothing the change in the slop. Both curves fit well at a heating
rate of 5 °C-min~!. However, they lack the consideration of PCM sub-
cooling, which has an important impact on crystallisation temperature.
Static hysteresis (Fig. 6¢) solves this issue, including an additional curve
and fitting PCM’s global phase transition behaviour during melting and
crystallisation. However, all these models only depend on temperature
but not on the heating/cooling rate. Thus, a faster or slower heating/
cooling rate will not change the shape of the T-a graphs.

The kinetic model (Fig. 6d), or kinetic-dependent model, solves this
issue by considering the heating/cooling rate during the phase transi-
tion. The simulated results in Fig. 6d show how the material’s melting
follows a kinetic-independent evolution, as was previously demon-
strated by the experimental results. Conversely, crystallisation is highly
affected by the kinetics of the process. In this process, the subcooling
delay decreases with the reduction of the cooling rate, resulting in
significantly reduced subcooling at low cooling rates.

This kinetic model can be explained in terms of instantaneous
nucleation (saturation of sites capable of nucleation prior to growth) and
a phase boundary controlled two-dimensional growth of the nuclei,
either in bulk or on the surface. Alternatively, it could be interpreted as a
constant rate of homogeneous nucleation during the process followed by
a bulk phase-boundary controlled one-dimensional growth or diffusion-
controlled two-dimensional growth, either in bulk on or the surface
[50].

The results confirm the potential of the kinetic approach for a more
reliable thermal performance modelling of PCM, above all during energy
balance applications that can involve different heating/cooling rates
during heat transfer. Moreover, it is highlighted the significant deviation
of PCM transitions obtained at large heating/cooling rates, which can
introduce large errors when studying low rate heat transfer applications.
Considering that typical heating/cooling rates for material characteri-
sation are 5 °C-min ', 10 °C-min ' and even 20 °C-min?, special
attention should be focused on more appropriate material para-
metrisation through kinetic modelling.

Fig. 7 shows the simulated results of phase transition models with a
temperature test profile alternating during incomplete melting and
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Fig. 6. Simulations of phase transition models with temperature induced through a heating/cooling rate decreasing with time (10, 5, 2.5, 1 and 0.5 °C-min™")
Simulation time step of 0.01 hour. First plot: predicted phase fractions (a) as a function of temperature. Second: predicted phase fractions (a) as a function of time

Third: temperature profile induced as a function of time.

solidification states. Thus, the selected maximum and minimum tem-
peratures between heating/cooling ramps are located inside the tem-
perature range of PCM’s melting/solidification phase. Moreover, the

rate is increased with time (1, 2.5 and 5 °C-min 1.
These results reproduce the PCM evolution during “incomplete phase

transition progress”, showing even large deviations between the pro-

posed modelling alternatives.

For the case of kinetic-independent phase transition models, the
static linear model (Fig. 7a) and static non-linear model (Fig. 7b) pro-
duce a complete solidification in all cooling cycles. The only difference
arises in the large number of dots obtained using the non-linear function
at the end of phase change, but it barely modifies the conversion situ-
ation. On the other hand, the static hysteresis approach (Fig. 7c) shows
completely different behaviour. In this phase change modelling
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Second: predicted phase fractions (a) as a function of time. Third: temperature profile induced as a function of time.

approach, when the temperature rate is reversed in an incomplete phase
change state, the degree of conversion remains constant until another
hysteresis is reached. This means that during the cooling period intro-
duced at the incomplete melting process, the phase change remains
constant without the solidification of the material. This is an unrealistic
and different PCM behaviour compared to the static linear model
(Fig. 7a) or static non-linear model (Fig. 7b), where a complete solidi-
fication state is achieved. Moreover, a faster or slower heating/cooling
rate during incomplete phase change will not change the shape of the T-

a graphs.
An intermediate and more realistic phase change behaviour is found

through the kinetic model (Fig. 7d), in which the degree of conversion is
situated at a middle point with regard to previously discussed kinetic-
independent phase transition models. In this case, the phase change
does not remain constant during the reverse cycle, but it also does not
develop fully. The phase change is always in evolution following a
kinetic-dependent transition. The results show that the higher the
cooling rate, the more significant the subcooling hysteresis. These
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results demonstrate the reliable phase conversion during complete and
incomplete cycles using a kinetic model compared to kinetic-
independent phase transition models. The following section evaluates
the accuracy of each modelling approach and will determine criteria and
guidelines for their use in energy balance problems.

3.4. Statistical comparison of phase transition models for heat transfer in
energy balance models

In the case of heat transfer using PCM in energy balance models, the
temperature will be the output value (simulated value), as a result of
energy balance equations. In this situation, an appropriate characteri-
sation of thermal properties should be defined through an apparent heat
capacity curve or an enthalpy-temperature function, involving a kinetic-
dependent or a kinetic-independent phase transition model. Aiming to
compare the benefits of the kinetic approach in comparison with con-
ventional modelling approaches, the apparent heat capacity situation
for different heat transfer rates is evaluated per each modelling alter-
native in order to calculate their accuracy and determine criteria and
guidelines for optimal thermal parametrisation of PCM.

Fig. 8 illustrates the comparison of apparent heat capacity simulated
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through different phase transition models at different rates. Fig. 8a
shows the melting and solidification curves at a rate of 1 °C-min "},
Fig. 8b at 5 °C-min ' and Fig. 8c at 10 °C-min~!. The simulated results
are compared with apparent heat capacity (dashed black line) obtained
through experimental data previously shown in Section 3.1.

The apparent heat capacity curves simulated during heating (melting
process) are kinetic-independent processes with no modification of
partial enthalpy distribution per phase transition model and rate. The
simulated curves are based on experimental results obtained at 5
°C-min~! for melting, illustrated in Fig. 8b (dashed black line), where
the simulated curves better fit the experimental ones. The slight differ-
ence between simulated and measured curves at lower and higher rates
(Fig. 8a and 8c¢) are mainly related to heat conduction in the pans, heat
transfer and apparatus design [17].

A different situation occurs when apparent heat capacity curves are
simulated during cooling, following a kinetic-dependent phase transi-
tion. In this case, the kinetic-independent and kinetic-dependent models
show completely different results when compared with experimental
curves. The conventional models (static linear model, static non-linear
model and static hysteresis model) have the best fitting at a rate of 5
°C-min ! (Fig. 8b). This is mainly because the simulated partial enthalpy
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Fig. 8. Comparison of apparent heat capacity obtained through different phase transition models at different rates.
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distribution during crystallisation was parametrised using experimental
data obtained at 5 °C-min~'. However, a large deviation is found when
lower and higher rates are compared (Fig. 8a and c), resulting in a sig-
nificant error in the apparent heat capacity calculation for all kinetic-
independent models. This accuracy problem is solved by using the ki-
netic approach, which provides a kinetic-dependent phase transition.
The kinetic model completely adapts the partial enthalpy distribution
per cooling rate, obtaining better matching between measured and
simulated values at 1 °C/min and 10 °C/min.

These simulated results are statistically compared with measured
experimental curves through the coefficient of determination (R?) in
Table 4. This is a statistical index commonly used to measure the un-
certainty of the models. The results are between 0.00 and 1.00, where
the upper value means that the simulated values match the measured
ones perfectly.

Static linear and static non-linear models do not show high differ-
ences between them, but they provide the worst fitting during cooling
transitions by not considering the effect of subcooling (hysteresis). The
lack of hysteresis consideration results in lower accuracy, obtaining an
R2 of 0.40 and 0.45, respectively. Static hysteresis overcomes this issue,
but only when the simulated cooling rate matches the measured process
rate at 5 °C-min~', which improves the R? statistical index at 0.61.
Finally, the results show how the kinetic approach provides higher ac-
curacy between measured and simulated values, obtaining an R? of 0.80.
These results demonstrate the benefits of kinetic models for heat transfer
applications involving phase change materials.

This paper introduces for the first time a complete parametrisation
and experimental validation of the kinetic model using PEG1500 as a
reference material, whose results demonstrate the higher accuracy and
benefits of the kinetic modelling for phase change transitions. However,
further studies are required to thoroughly validate the extended use of
the kinetic approach for PCM modelling.

4. Conclusions

This paper proposes an advanced parametrisation of phase change
materials (PCM) through a kinetic approach and compares it with three
typical parametrisation alternatives based on static linear, static non-
linear and static hysteresis models. A complete kinetic evaluation and
parametrisation of PEG1500 were developed by both model-free (iso-
conversional) and combined kinetic procedures. Based on the results, it
is possible to extract the following conclusions:

A strong influence of kinetics was found in the crystallisation phase
transition of PEG1500, showing different subcooling grades in their
hysteresis under different temperature rates.

The comparison of parametrised phase transition models clearly in-
dicates the potential of the kinetic approach for a more reliable thermal
parametrisation of PCM, above all during energy balance applications
that can involve different heating/cooling rates during heat transfer.
The statistical comparison between models demonstrates the higher
accuracy of the kinetic approach to correctly represent the partial
enthalpy distribution of PCMs, obtaining a coefficient of determination
(Rz) of 0.80. On the other hand, the accuracy of conventional (or kinetic-
independent) models is limited between 0.40 and 0.61, mainly due to
the poor matching when different cooling rates are involved in phase
change processes.

The results highlight the importance of kinetics in the phase transi-
tion processes, which should be considered in numerical studies for a
more reliable and accurate evaluation.
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