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Abstract: The growing interest in developing applications for the storage of thermal energy (TES)
is highly linked to the knowledge of the properties of the materials that will be used for that
purpose. Likewise, the validity of representing processes through numerical simulations will depend
on the accuracy of the thermal properties of the materials. The most relevant properties in the
characterization of phase change materials (PCM) are the phase change enthalpy, thermal conductivity,
heat capacity and density. Differential scanning calorimetry (DSC) is the most widely used technique
for determining thermophysical properties. However, several unconventional methods have been
proposed in the literature, mainly due to overcome the limitations of DSC, namely, the small
sample required which is unsuitable for studying inhomogeneous materials. This paper presents the
characterization of two commercial paraffins commonly used in TES applications, using methods such
as T-history and T-melting, which were selected due to their simplicity, high reproducibility, and low
cost of implementation. In order to evaluate the reliability of the methods, values calculated with the
proposed alternative methods are compared with the results obtained by DSC measurements and with
the manufacturer’s technical datasheet. Results obtained show that these non-conventional techniques
can be used for the accurate estimation of selected thermal properties. A detailed discussion of the
advantage and disadvantage of each method is given.

Keywords: thermal energy storage; phase change materials; thermophysical characterization;
T-history; T-melting CHF

1. Introduction

The interest in phase change materials (PCM) grows continuously due to its wide application
in sectors as the storage of solar thermal energy, industrial heat recovery, construction, agricultural
greenhouses, aerospace, health, refrigeration, among others [1-3]. An adequate characterization is
a mandatory requirement for numerical modeling of processes involving PCM, equipment design,
and the development of this technology and its applications, since thermal characterization provides
information about the amount of energy that a material can store. There are multiple thermal properties
that must be defined for an adequate characterization of the PCM. Most of the existing standards were
not developed specifically for thermal storage applications. However, they are currently used as the
basis for determining the thermal properties of these kind of materials [4].
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Among the main standards applied to the characterization of PCMs using DSC, the following
technical standards are distinguished: ASTM D87, which is the standard test method for melting point
of petroleum waxes; ASTM D4419 for measurement of transition temperatures of petroleum waxes;
ASTM E793, which is a standard method to determine enthalpies of fusion and crystallization with
DSC. Similarly, there are more standards that are used for the determination of thermal conductivity,
which depend on the measurement devices, as well as other standards for determination of density,
viscosity, among others. These standards are applicable since there is currently no exclusive standard
for PCMs, and they are applied more as a general use of the measuring device.

In the last thirteen years, several authors have worked in the development of standards for
PCM, being notable the contributions especially in the determination of thermophysical properties
by DSC. Differential scanning calorimetry is the most robust technique for determining the phase
change enthalpy, there are several criteria that must be considered when characterizing a PCM with
this technique [5], for example, (i) the type of calorimetry, which can be made in dynamic or step mode.
In this sense, Barreneche et al. [6] did not observe significant differences between both methods for
paraffins. (ii) the heating/cooling rate. As is proposed by Mehling et al. [7], a thermal equilibrium must
be achieved, which only can occurs at low heating/cooling rates, since high ramps of velocity generate
artificial effects such as hysteresis and (iii) the mass of the sample must be constant. Giinther et al. [8]
found that the signal peak shifts towards higher temperatures as the mass or heating rate increases.

Other procedures have been developed in recent years to standardize DSC measurements
such as equipment calibration, determination of the required cooling/heating rate, experimental
procedure, and representation of the obtained data [9]. Some of the recommendations for traceability
in measurements suggest very extensive tests, which involve testing at different cooling/heating rates
until, for example, in the case of the enthalpy-temperature curve in the DSC the maximum value in
temperature differences cannot exceed the limit of 0.2 K. The quality criteria and measurement methods
for PCM were established by the ZAE Bayern research center and the Fraunhofer ISE, and since 2008
the RAL label has been awarded to products that have been tested under these exhaustive monitoring
and testing time criteria [10].

Specific heat is also other important property in the characterization of PCM, especially the
values before and after the phase change (solid and liquid phase). In this case, the ASTM E1269
standard is used for the determination of the specific heat by differential scanning calorimetry, however
Ferrer et al. [11] compared the dynamic, isostep and area methods, finding that the results obtained by
the area method had an error lower than 3%, while the dynamic and the isostep errors up to 6% and
16%, respectively. Thermal conductivity can be measured by different methods, but the three main
measurement methods used are: (i) hot disk, (ii) hot wire and (iii) laser flash, each of these techniques
require specialized equipment and are mainly based on ISO 22007, ASTM D7896, ASTM E1461.

Other devices for measuring thermal properties are especially required when evaluating large or
non-homogeneous samples, as material encapsulated in polymeric matrices or expanded graphite,
likewise composite materials for the construction industry, textile, among others. Cabeza et al. [12]
presented a series of devices that were built for the determination of properties, among which stand
out for the measurement of enthalpy-temperature, diffusivity, and thermal conductivity curves.

The T-history method was proposed by Yinping & Yi [13], this requires three measurements
during the cooling process of a PCM sample with unknown properties and a reference substance with
well-known thermal properties, which are cooled in ambient air, that is monitored too. The cooling
curve of the sample and the reference are recorded, from an initial temperature value, higher than the
melting temperature of the sample until both reach an ambient temperature. Some improvements
have been proposed to the original method over the years, in which the values of specific heat (cp)
and enthalpy (h) can be calculated as temperature dependent values using the same experimental
procedure [14]. Reference [15] applied the T-history method to a wide variety of PCMs such as paraffins
and lauric acid having no or low degree of supercooling. While some authors propose assemblies with
the test tubes arranged in a vertical position according to the original method [15], others propose the
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horizontal configuration to avoid the temperature difference in the tube [16]. With T-history also is
possible estimate of the “effective thermal capacity” cp,fs (T), which contains more information than
any other phase change property [17].

Comparative results between measurements of dynamic DSC, step mode DSC and T-history,
show that the precision of the latter is similar, but allows the investigation of large samples, which is
crucial for heterogeneous materials like composite PCM or salt hydrates [8]. There are many
investigations that have been carried out taking as reference the T-history for the determination of the
thermophysical properties [18], some salt hydrates like disodium hydrogen phosphate dodecahydrate,
sodium acetate trihydrate and STL-47 have been evaluated by this method [19]. The thermophysical
properties of other PCMs such as paraffin waxes, salt hydrates and mixtures of fatty acids have
also been evaluated by T-history and compared by DSC results [20]. Thermophysical properties
for alcohol, WFI, Greek paraffin, RT20, RT27, RT58, SP25A8 are reported in the literature [21].
Other non-homogeneous materials have been evaluated by t-history method, this is the case of the
commercial sodium acetate trihydrate-based PCM (Climsel C58), which was blending with additives
for their characterization [22]. Five paraffin waxes and wood resin (all available in Indian market) were
investigated to determine their suitability as a thermal energy reservoir in solar drying applications [23].
Also, this method has been adapted to be able to determine the latent heat in some granular phase change
composites like RUBITHERM GR27 and GR41 EPCM [24]. PCM for air conditioning applications,
such as semiclathrate hydrates of tetra-n-butylammonium fluoride (TBAF) have been evaluated by
this method, confirming that the T-history method is a practical method to determine the phase change
enthalpy of hydrates [25]. Recently, the use of T-history has been reported in nano-enhanced (NEPCM)
applications, in which the thermophysical parameters of multiwall carbon nanotubes (MWCNT) in
capric acid were obtained [26].

Some setups of the T-history have been made using insulated sample holders. In some cases the
effects of the thermal mass of the insulation can be neglected using sample holders with a high ratio
between the thermal mass of the PCM to the insulated sample holder [27], The evaluation method for
insulated T-History measurements was reported taking into account the heat capacity of the insulation
material [28]. The T-history has critically assessed based on their mathematical formulation and
experimental configuration [29]. The effect of radial thermal gradients inside T-history samples on
the enthalpy temperature curve measurement have been analysed [30], and has been and has been
proposed a differential formulation of the T-History method in order to achieve thermodynamic
consistency with phase transitions theory, including the experimental effect of the speed of the thermal
process in calorimetric calculations [31].

In the present work, the T-history method was used to determine the enthalpy-temperature curves,
on which the specific heat in solid and liquid phase are also obtained, this method was used due to its
simplicity and low cost, results were comparing with measurements in DSC. However, both methods
have their limitations, which generate convenience in the use depending of the application case,
for instance, in the case of samples with subcooling phenomenon, the use of T-history is recommended,
since with the DSC is not possible to obtain a representative measure of the enthalpy variation
with temperature [32]. If the sample of material to be tested is not pure and/or non-homogeneous,
it is more useful the use T-history, since the sample sizes used in DSC is only a few milligrams,
while for the T-history reach several grams, it is a greater challenge to obtain a representative sample
in non-homogeneous materials if the sample size is to small [12].

One of the major limitations of the original T-history lies in temperature control, which is
performed at room temperature [13]. However, researchers at ZAE-Bayern [32] proposed configurations
where tests between —20 to 65 °C could be performed, Kravvaritis et al. [17] added a cooling and
heating system in which tests could be performed between —30 to 120 °C, Stankovic [33] used an
environmental chamber with advanced temperature control, which operated in a temperature range
between —10 up to 100 °C with an accuracy of +0.2 °C. All these modifications contribute to the
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reliability of the measurements, but they make the method much more expensive than the simplicity
that characterized the original method.

The conventional method DSC have a small chamber in which samples are evaluated in much
wider temperature ranges, typically between —90 °C up to 550 °C, depending on the heating and
cooling system they have incorporated. Therefore, this is a versatile and robust equipment with
the capability to evaluate almost all the organic and inorganic substances currently used in thermal
storage applications.

Another proposed method for the determination of several thermophysical properties
simultaneously was proposed in 2018 by Yang & Liu [34], in which Stefan’s problem is solved in 1D
with constant heat flow boundary condition, using a quasi-static fusion model, the method is known
as “T-melting CHF”.

This paper presents a general evaluation of two low-cost experimental methods (T-history and
T-melting) proposed in the literature for the characterization of PCM, with a comparison of the results
obtained by a specialized method (DSC) and the data provided by the manufacturer. Considering the
simplicity and cost of the methods, these results can serve as the basis for determining properties in
laboratories were specialized equipment for this purpose are not available. Likewise, the aim of this
work is to establish a consensus between the difficulties and advantages presented by each method on
the determination of the main thermophysical properties of PCM. In the first part, the experimental
methods developed are presented, then the conditions and results of each of the tests developed are
defined, and finally a comparison is made between the calculated properties and the effectiveness of
each of the methods used.

2. Experimental Methods to Determine Thermal Properties

In any feasibility study or design process, estimation of the properties such as melting enthalpy,
specific heat, thermal conductivity, and solid and liquid densities becomes important when performing
the corresponding calculations. In this section, traditional measurement procedures for obtaining
thermal properties is presented, and a comparison with low-cost alternatives is presented due to
the need to know the main thermophysical characteristics of the materials to be used for particular
applications that involve storage of thermal energy by latent heat.

2.1. Determination of Thermal Properties by DSC

Differential scanning calorimetry is the most common technique to determine phase transitions in
inorganic compounds, polymers and foods. In this technique, the difference between the contributions
of energy to a substance and a reference material is measured while both are subjected to a temperatures
program at a controlled rate, while monitoring the difference in heat flux between them, as is shown in
Figure 1 where the basic apparatus and the generated signals are described.

Reference Crucbles Sample Re\:/ifzrﬁ;g?:al

Cooling Y.

Reference signal
without crucible
Furnace /
Cooling
device

Heating

Temperature [K]

Time (s)

Heat Flow [W/g]
\dothermic ||Exotherrr

t Time (s)
(a) (b)
Figure 1. (a) Schematic principle of DSC (b) Signal generation in a heat flux DSC.
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Determination of heat capacity with a DSC can be made by three ways: directly, using a
modulated DSC (MDSC) and the three run ASTM E1269 method. The latter requires baseline scanning,
measurement to a standard sapphire sample and measurement to the sample material to be evaluated.
Once the measurements are obtained, the specific heat of the sample c;(s) can be obtained by:

Ds - W,
Cp(s) = Cp(St) : ﬁ 1)

where c,(st) is the specific heat capacity of the sapphire standard, D; is the difference between the
heat flow of the sample and the empty crucible at the same temperature, Ds; is the difference between
the heat flow of the sapphire and the empty crucible at the same temperature, Ws y Wy are the masses
of the sample and the sapphire, respectively. According to Barreneche et al. [6], the calorimetries can
be performed in dynamic mode or in step mode, without finding a significant difference between the
two operation modes. In the case of salt hydrates, it is recommended the use of slow dynamic mode.
ASTM D4419-90 standard for petroleum waxes recommends speeds of 20 and 10 K/min, however for
organic and inorganic PCMs, the recommendation is the slow dynamic model with constant speeds of
0.5 K/min [6].

2.2. Determination of Thermal Properties Using the T-History Method

The T-history method basically consists of heating at least two test tubes, in which there is a
sample material and a reference one, which are simultaneously heated in a thermostatic bath, at an
higher temperature than melting point of the sample material. The interior temperature is recorded by
thermocouples located in the center of the samples, which are connected to a data acquisition system.
The scheme of the experimental setup used in this article is presented in Figure 2. Two test tubes
are used for repeatabilty and water is used as the reference material. When the internal temperature
stabilizes, the samples and the reference test tube are removed and are left to cool in a box of expanded
polystyrene (EPS) under temperature-controlled environment. The cooling curves are plotted to
monitor the test. The average time of each test is close to 4 h.

Data Acquisition

~ o System
&

Thermal
insulation

Figure 2. Scheme of the experimental setup for the implementation of the T-history method in
cooling mode.

Some of the advantages of T-history are its relative simplicity and low cost, and since it is a
non-commercial device, it is possible to carry out a particular assembly according to the specific range
of the application to be evaluated. On the other hand, testing a sample of a representative size reduce
the difficulty of crystallization associated with small samples, as occurs in the DSC. To be valid the
hypothesis of lumped capacitance method (Bi < 0.1), the relationship between the length and the
diameter of the tubes must be large enough (L/D > 10) [24].
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Thermophysical properties are obtained with the equations derived from the original method
and its subsequent improvements, the following expressions were used [14]:

MuwCpw + MiCpt \ | m
Cps = (Puinp) b_om, @)
P 2 p
My Cpw + MiC I m
¢y = (wr’wfﬂf> b, 3)
mp 1 Mp
My Cpw + MiC I
H, = (wP’”tpt> 73 (To—Ts), )
mp L

where m is the mass, ¢ is the specific heat, Hy, is the phase change enthalpy, and the subscripts s
and [ refer to the solid and liquid phases, w, t and p they refer to water, tube and PCM, respectively.
The values of I are presented in Figure 3, where the apostrophe represents the areas under the
temperature-time cooling curve for distilled water.

To To

— PCM Temperature, T — Water Temperature, T
— Ambient Temperature, Te — Ambient Temperature, T,

Tm1
Tm2

Tr

t t2 t3 tr t2r

(a) (b)

Figure 3. (a) Temperature-time curves for phase change materials (PCM) and ambient air;
(b) Temperature—time curves for distilled water and ambient air [14].

Marin et al. [14] established that for impure materials that do not have a constant phase change
temperature, in which the beginning of the phase change occurs in T,,; and the end in T3, the phase
change enthalpy (H;,) can be calculated as:

MyCpw + MiC I micpt(Tyn — T
H,, = ( wCpw t pt)%(Tg—Ts)— tpt( ml mZ)' (5)
Mp L Mp

Additionally, they proposed the use of an motionless air chamber to obtain both heating and
cooling curves, but their great contribution consists in allowing the calculation and subsequent plot
of the enthalpy vs temperature, instead of using the concept of temperature variation with the time,
where the change in the enthalpy of the PCM in the interval AT; can be calculated as:
MaCpw(T;) + mtcpt(Ti)> I;

mi
"y TZ{ATi - @Cpt(Ti)ATi- (6)

Ahp(T;) = (

The representation of the h-T curves can be obtained as the sum of the enthalpy intervals,

assuming as a reference a given value of /0.

N
Ahp(T;) = Y Ahp; + hpo. )
i=1

When the phase change of the PCM takes place in a temperature range, it is difficult to establish a
limit between the phases. To identify these values, Hong et al. [15] used the first temperature derivative
with the cooling curves to obtain a minimum peak value, which represents the end of the phase change.
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Additionally, they included the average of the surface area of the tube containing the PCM and the
reference (A and A}), Equations (2) and (3) to calculate Cp,1, Cp,s are transformed into:
MyCpw + MeCpt \ Acly  my
pp=(———

Led T 8
ny ALL mpcpt ®

MyCpw + MiCpt \ Ac Iz my
_ (Mwtpo Fmiepe) Ak me 9
Once the limits of the phase change are established for each of these regions, the heat of fusion is
determined using the following expression [32]:

c c T; T;
H, — — (:Z;Cpt n pl ‘; p,s) n (mepw( 1>m+p thpt( 1)) izz (Tm . T1> ) (10)

Kravvaritis et al. [17] proposed the thermal delay method to obtain the change of the effective heat
capacity (cpfr) of the PCM with the temperature, considering the temperature difference between
the PCM and the reference for the same time intervals. Measurement process time and errors could
be significantly reduced using this method, since it is not required to identify the phase change
zones using the first derivative or fitting the data obtained during the test. The authors proposed
the calculation of the ¢, .¢¢(T) using the same procedure of the T-history method, considering the
differences in time when the reference fluid and the PCM are at the same temperatures T; and T; 1,
according to is shown in Figure 4a. The areas under the cooling curves were calculated using the

following expressions:

Tm,Tr
To

i \ — Phase change material (m)
AN --- Reference material (r)

Ti
Ti+1

Tar
to tri tri+1  tm,i tm,i+1 t
(a)

60

50 3
o 4
O 40 h
< '.
S |
=, 4 s
= 30 |
5] 13
Q. )
O 20 —

1T ‘
:’ -\
10 s
- --’, \‘
T e e T \-_._-_._-.-.—
25 30 35 40 45 50 55 60
Temperature [°C]
(b)

Figure 4. (a) Schematic representation of the effective thermal capacity calculation method; (b) Effective
thermal capacity vs. temperature. Adapted from [17].
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dA;;, = (Ti+ Tip1 — 2Ta) (bmyiv1 — tmi) /2 (11)

dAi,r = (Ti + T — 2Tﬂ) (l‘mqu — tr,i) /2. (12)

The following expression is obtained for ¢, ¢ (T):

dA;
Cp,eff(T) = MdTl'm —N (13)
ir
where: N A
My Cpw T MtCpt c
— -« 14
M < My ) A (9
mi
N=—c¢ te (15)
mp P

Researchers show that the results obtained with the proposed method are consistent with
measurements made with a DSC. When the results are plotted, a function of the ¢, — T can be
obtained as shown in Figure 4b, in which an increase in the function in the phase change region
is exhibited.

2.3. Determination of Thermal Properties Using the T-Melting CHF Method

Another method developed for the determination of PCM thermophysical properties such as the
melting point, latent heat of fusion, thermal conductivity and specific heat capacity in both phases
was developed by Yang et al. [34]. This method is based on the solution of the Stefan’s problem under
constant heat flux (CHF) boundary conditions. For experimental measurement, the temperature of
a PCM sample must be monitored during the fusion process, while a constant heat flux condition is
applied at one of the boundaries, so the process is commonly known as “T-melting CHF”.

Some of the advantages of this method are the short experimentation time because only the fusion
process is analyzed, the assembly is relatively simple since—(i) the constant heat flow condition can
be achieved by applying constant heating power; (ii) standard reference samples are not required as
in other tests, and most importantly; (iii) multiple properties can be determined in a single test.
The theoretical principle that describes the phase change problem in materials is known in the
literature as Stefan’s problem, which is characterized by having a moving boundary whose position is
unknown a priori. For the problem under constant heat flow conditions, there is no exact solution.
Nevertheless, some approximate solutions have been developed for the Stefan’s one-dimensional
(1D) problem. Government equations for the phenomenon are derived by considering the melting
problem of a solid state PCM slab with width W, which is at an initial temperature equal to that of the
phase change (T;,). When a constant heat flow is applied to the left, the PCM begins to melt and two
zones are generated: a liquid and solid region with the interface between them, which is designated as
s(t), which moves to the right as the solid region melts, as is illustrated in Figure 5a. The governing
equation of this problem (Equation (16)) has the drawback that both the temperature distribution
T(x,t) and the location of the liquid-solid interface s(t) are unknown.

a(plcp,lT) K

oT
= — <x< .
5T gy (k ) 0<x<s(t),t>0 (16)

ox

The CHF method uses the approximate solution of the quasi-static fusion model to simplify
the governing equations. It is assumed that natural convection in the liquid is negligible and
therefore only conduction is considered, and it is assumed that the properties of the PCM are not
temperature dependent and only depend of the phase [34]. So introducing the constant heat flux
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boundary condition on the left side of the wall, we can obtain the expressions for the interface and the
temperature distribution:

q//t
t) = 17
() = (17)
q//
T =" [s(t) = x]+ Ty (18)
1
T
R —> Lid
> L
x
% ﬂ» LIqUId region Solid region Frame
8 PCM
.._C_. Al plate
_§ Heater
[2])
[
o Base
@]
0 s(t) W x
(a) (b)

Figure 5. (a) Schematics of the 1D single-phase melting problem under constant heat flux (CHF)
condition; (b) Cross-sectional view of the schematic of the experimental setup. Adapted from [34].

The approximate solution obtained in a dimensionless way used by the authors as a theoretical
formula for determining the thermophysical properties of PCM are expressed in Equations (19)
and (20).

5= Ste-Fo (19)
0O =5-—7%, (20)

where Fo = kit/pjcp, W?2; is the Fourier number (dimensionless time); ® = (T — T,)/AT,. is the
dimensionless temperature; Ste = cp ATe /AH is the Stefan number; AT, = g”"W /k; is the characteristic
temperature difference; 5 and ¥ are the dimensionless form of s and x respectively.

The test module is made up of six main parts, as shown in Figure 5b. The base, frame and lid
form a container to store the sample. The container, for insulation purposes, must be a material with
low thermal conduction, the original proposed module was built in PTFE, with a thermal conductivity
of 0.24 W/m-K and a melting point of 326.8 °C, which constitute optimal characteristics for testing in a
wide range of low temperature applications.

A heating power must be supplied to the heater which is monitored through the supplied voltage
and current. Two thermocouples are sandwiched between the aluminum plate and the top of the
heater and their average value is recorded as the monitoring temperature (T};,,) as seen in Figure 6a.
The temperature at the top of the aluminum plate in contact with the PCM (which acts as the heating
wall) can be estimated using the Fourier law of conduction:

GnsLai
Tw = Tyon — ——, 21
w mon Ahs kAl ( )
where L,! y k,l are the thickness and thermal conductivity of the Al plate respectively, and Ays is the
sectional area of the heat source. Assuming no heat losses in the test module, Figure 6b schematically
represents a typical monitoring temperature curve (Tynon ). The process can be divided in three sections:
before, during, and after melting section. T, are the reflection points at which the PCM begins and
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ends to melt at times 1 and tp, respectively. According to the model, the melting point of the PCM can

be obtained using the following equation:

JnsLai
T = Trepin = 4 ="
hs Al
Test module
220 VAC
Tmon,1 l_ PC
Variac
PCM Al plate I__o DAQ
[ — o ] 00 O O .
Ro = I Tmon,2
Heater
Vo Insulation
(a)
T3
dT
dt laf
c
g
= Before During melting
o melting
STeaEEa—
© Trefl]-—nee ‘ dT| - After
o 3 dt ldu-m i melting
3 | |
[ dl
dt be-m
To f
to t ) t2 t3
Time t
(b)

Figure 6. (a) Schematic of the measurement device; (b) Schematics of a temperature response under
constant heating power gy,;. Adapted from [34].

Considering each one of the sections individually, that is, before, during and after the phase
change, it is possible to obtain relations for ¢ s, ¢, and it also allows calculating the amount of heat
absorbed by the PCM in form of latent heat, so AH can be obtained.

Theoretically the wall temperature increases almost linearly with time, so in the phase
change zone:

dT _ Gm/ Aps

N YA S (23)
at | gu_m  PLPcMKkLpcMAH

Therefore, previously knowing the liquid density (p;), it is possible to calculate the thermal
conductivity k;.

The CHF method must satisfy some restrictions to guarantee the accuracy of the measurements,
(i) the 1D fusion process requires that in the molten liquid region of the PCM sample there is
no Rayleigh-Bénard convection, therefore, Ra < Rag; (ii) the quasi-stable state approximation is
appropriate for cases with a small Ste number. So Ste < Ste; (iii) the heat flux 4" is below a critical
value q/.

3. Experimental Determination of Thermal Properties

This section presents the experimental equipment used, materials, methods and values obtained
for the properties of the PCM analyzed with the different methods.
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3.1. Materials

For the experimental validation of the methods studied in this research, experimental characterization
of 2 commercial paraffins RT45 and RT55 distributed by Rubitherm® [35] was carried out. The purpose
in the present work was to study the specific case of widely used, commercially available materials,
of the class of paraffins. These two materials were chosen because they are in the temperature
range for a wide applications in thermal energy storage, as sanitary water and solar heating.
Furthermore, the supplier has RAL certification, which makes them suitable materials to compare with
the experiments proposed here.

The thermal properties indicated by the manufacturer are listed in Table 1.

Table 1. Thermal properties of paraffin waxes RT45 and RT55 given by manufacturer’s datasheet [35].

Properties RT45 RT55
Tm (main peak) [ °C] 45 55
Heat storage capacity [k]/kg] 160 170
Specific heat capacity [k]/kg-K] 1 2 2

Density liquid [kg/m3] (at15°C) 770 770
Density solid [kg/m?] (at 80 °C) 880 880
Thermal conductivity [W/m-K] 1 0.2 0.2

1 Both phases.

3.2. Determination of Thermal Properties with T-History

The samples were arranged in three test tubes with 15 mm internal diameter, 175 mm length and
1.2 mm thick wall, which were filled up to 80% of the total volume of the tube, three test tubes were
used in each test, in one of these, distilled water was used as reference and the others two were filled
with samples of the same type of PCM. The test tubes were sealed with rubber plugs, through which
the thermocouples were passed (see Figures 2 and 7).

The initial temperatures of the process were defined according to each material tested, so the
thermostatic bath was programmed at a temperature between 10 °C and 15 °C above the melting
temperature reported by the manufacturer. The specimens were immersed until the thermal equilibrium
between the samples and the hot medium was reached. temperature was monitored using an AT4208
digital temperature meter and K-type thermocouples, the mean mass of each group of samples was
around 12 g. Once the temperatures inside the specimens were stabilized and homogenized, both the
samples and reference were transferred to insulated containers of EPS, as is shown in Figure 7, in order
to avoid convective effects and satisfy the condition of Bi < 0.1.

Results of the cooling curves for both the reference and the PCM samples are used to estimate the
thermophysical properties. With the aim of determining the start and end regions of the phase change,
Figure 8 shows the cooling curves and inflection points calculated with the numerical first derivative
of the temperature curve in the PCM resulting from the T-history.



Energies 2020, 13, 4687 12 of 23

(b)
Figure 7. (a) Experimental setup implementing the scheme of Figure 2; (b) Insulation of the test specimens.
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Figure 8. Resulting cooling curves (a) RT45; and (b) RT55. pcm: Sample of PCM. wat: reference test

tube (water). Tamb: ambient temperature: Deriv: numerical derivative of sample temperature.

Ten samples of each PCM tested were made and results are condensed in Tables 2 and 3.
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Table 2. Determination of thermal properties with T-history to RT45 paraffin.

Data T;[°Cl T [°Cl Hp[KJ/kgl ¢ [KJ/kgl  cps [K]/kgl
Mean value 44.33 35.95 166.72 2.22 4.35
St. deviation 0.14 0.73 5.63 0.14 0.15
Manufacturer value [35] 46 40 160 2 2
Disagreement % 3.21 13.05 1.28 11.32 117.69

Table 3. Determination of thermal properties with T-history to RT55 paraffin.

Data T;[°Cl Ts[°Cl Hpm[kJ/kgl ¢ [kJ/kgl cps [K]/kgl
Mean value 54.51 42.82 168.30 243 5.36
St. deviation 0.07 0.75 3.29 0.34 0.21
Manufacturer value [35] 57 56 170 2 2
Disagreement % 4.37 23.54 1.01 21.91 168.16

Values of effective thermal capacity (c,.fr) were estimated from Equation (13), using the cooling
curves obtained experimentally for PCM RT45 and RT55 from T-history method. Results for a data set

are presented in Figure 9. Note that the peak in the graph is due to the amount of energy it would take

to increase the temperature by one degree Celsius, which is higher in the phase change zone due to the
energy required by latent heat.
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Figure 9. Effective thermal capacity in terms of the temperature evaluated by the T-history method
(a) RT45; and (b) RT55.

3.3. Determination of Thermal Properties with T-Melting CHF

The measuring device was manufactured replicating the model proposed by Yang et al. [34], it was
built by 3D printing on acrylonitrile butadiene styrene (ABS), which has a thermal conductivity of
0.17 W/m-K and a maximum use temperature of 100 °C, these characteristics satisfy the requirements
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for the evaluation of the PCM. Figure 10a,b show the structure of the test module, the heat source
used shown in Figure 10c and has a 50 mm diameter with a thickness of 2 mm, a resistance of 616 ()
and a maximum power 70 W heating circuit. The heat flow was supplied by an alternating current
transformer (Variac), the temperature was monitored by the APPLENT AT4208 digital meter and two
K-type thermocouples.

(a) (b) (©)

Figure 10. Elements for the implementation of the T-melting CHF method. (a) Device assembly; (b) top
view of base, frame, and Cap; (c) electric heating resistance.

PCM RT45 and RT55 were evaluated following the methodology proposed by Yang et al. [34].
A PCM conductivity value of 0.2 W/m-°C is take as the reference according to the information provided
by the supplier and samples with a thickness of 0.005 m were tested, so the critical heat flux g/ is
2000 W/m?, all tests were performed with a heat flux below the critical heat flux. Likewise, the Rayleigh
number for each test is below the limit value Ra. = 2.72 x 10%. Therefore, heat transfer in the tests
by conduction is guaranteed. measurements were made with a Ste greater than 0.2 but less than 0.5,
so the results are expected to present errors of less than 16.7%, according to what was reported by the
original authors. The results obtained are presented in Tables 4 and 5.

Table 4. Determination of thermal properties of RT45 with T-melting method.

Data Ty [°C]  k[W/m]-°Cl  Hy [kJ/kgl ¢y [KJ/kgl  cp,s [k)/kgl
Mean value 45.72 0.2351 157.1651 17.5405 2.1590
St. deviation - 0.0258 52184 5.5266 0.1233
Manufacturer value [35] - 0.2 160 2 2
Disagreement % - 17.57 1.77 777.03 7.95

Table 5. Determination of thermal properties of RT55 with T-melting method.

Data Ty [°Cl  k[W/m]-°C]l  Hy [K)/kgl ¢, [kJ/kgl  cps [K)/kg]
Mean value 57.78 0.2022 175.2850 24.4099 2.6226
St. deviation - 0.0106 7.4692 1.6386 0.1353
Manufacturer value [35] - 0.2 170 2 2
Disagreement % - 1.10 3.11 1120.5 31.13

From the results of the experimental measurements, large deviations for the specific heat capacity
cp are evident, especially for the liquid phase, whose relative deviation reaches unacceptable deviations.
This error was due to the simplifications that made the method experimentally practical, by neglecting
the convective effects in the liquid phase. Although the insulation in the test module can be guarantee,
this error cannot be attributed to the loss of heat in the measurement device, because the specific heat
in solid phase is in agreement whit the expected value.
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3.4. Density Determination

The value of the density of a material is obtained through the relationship between the mass and
its volume. To obtain the value of the density of the samples analyzed, 10 mL graduated pipettes
previously sealed at the lower tip were used, which were weighed on a 0.1 mg precision balance to
record their mass. Subsequently, the paraffin samples were melted at a temperature higher than the
melting temperature and the pipettes were filled. Once the sample was at room temperature, its initial
volume (V) was determined as is shown in Figure 11, density in the solid state could be calculated by
means of the relation mathematics between them. In an analogous way, the density calculation for
the liquid phase was performed the test tube with the PCM sample was introduced in a thermal bath,
at a temperature 10 °C above its melting temperature and proceeded to read the new volume (V).
5 repetitions of each sample of the PCM evaluated were performed, the averaged values are presented
in Table 6.

T=20°C T=Tm+10°C
Y L

: -
Vo ......15 1=
E g
,% ,%
= =
s L

. J /

Figure 11. Schematics of the procedure to calculate the density.

Table 6. Density results.

Material ps [kg/m3] p; [kg/m3] Manufacturer Value

RT45 873.3 768.5 880/770
RT55 856.6 789.4 880/770

3.5. Determination of Thermal Properties by DSC

The equipment used was the Discovery series DSC 250 (manufactured by TA Instruments,
Newcastle, DE, USA) and is coupled to a cooling system (RCS90) that allows experimental test in a
temperature range between —90 °C up to 550 °C. One of the most important aspects is to determine
which is the heating/cooling ramp to be used during the tests, because it could affect the phase change
enthalpy values and the specific heat curvesobtained in each case. For the experimental evaluation,
the ASTM D4419 standard for measurement of transition temperatures of petroleum waxes by DSC
was used as a guide, the recommended rate of 10 °C/min £ 1 °C/min up to 20 °C £+ 5 °C beyond
melting. However, following the recommendation of RAL, rates of 20, 10, 5, 1, 0.5 °C and 0.3 °C/min
were additionally included to perform the experimental evaluation. Figure 12a shows the heat flux
signal (mW /g) obtained from a DSC test for a heating rate of 5 °C/min. Variation of the heat flow
over temperature identifies the region where the phase transition occurs. The tests were performed in
dynamic mode, that is, using a constant speed for the heating and cooling ramps between the initial
and final temperatures selected for each test as is shown in Figure 12b.
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Figure 12. (a) Differential scanning calorimetry (DSC) curve; (b) Typical DSC response when
performing a dynamic mode, heating and cooling.

The RT45 and RT55 paraffins were subjected to heating and cooling programs using the DSC,
finding that the values for the phase change enthalpy of the RT45 paraffins range from 137 to 166 k] /kg,
while for the RT55 they range from 137 to 145 k] /kg, these values are highly sensitive to the test speed,
as is shown in Figure 13, in which the results of the fusion enthalpies are presented after analyzing
the DCS tests for different cooling rates. In this figure, it can be observed that as the cooling speed
decreases, the start of the phase change moves towards a higher temperature value. It can be seen
that for cooling speeds in the DSC of 20 °C/min, the start of the phase change is close to 43.6 °C with
an enthalpy of solidification of 144 kJ / kg on average, while for speeds of 1, 0.5 and 0.3 °C/min
the start of the phase change is closer to 44.6 °C with an average solidification enthalpy value of
152 kJ /kg. For the heating process the results were a little lower, finding a fusion enthalpy of 142 kJ /kg,
an average melting start temperature of 38.1 °C.

Figure 13. Dispersion of energy storage data for RT45 paraffin in the cooling process.
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This result can be evidenced with an Enthalpy-Temperature diagram like those shown in Figure 13,
this representation was proposed by Marin et al. [14], which is useful for the analysis of energy
accumulators. As is presented in Figure 14a the phase change process for the studied samples presents
hysteresis, which explains why the start of the phase change are different for both cooling and heating.
It can be seen that the slopes of the initial and final sections represent the values of the specific heat in
the solid and liquid states, it is also to be expected that, if the substance were pure, the phase change
will appear as a vertical line at a value of specific temperature, but for materials such as paraffins,
the phase change occurs in a range from a temperature T}, to a temperature T;,;». Figure 14a also shows
that the H,, value corresponds to the energy required for the phase change, while the manufacturer in
this case reports the H value (see Figure 14a), which is between the temperatures of 37 °C to 52 °C for
PCM RT45 and 48 °C to 63 °C for PCM RT55, respectively. This value of H; represents a combination
of latent heat and sensible heat in the indicated temperature ranges. The average values found for
RT45 at different rates are presented in Table 7.
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Figure 14. (a) Behavior of a PCM after heating and cooling process; (b) Enthalpy-temperature curve
for the experimental PCM RT45 in cooling process.

Table 7. Experimental DSC results in range given by manufacturer.

Cooling Ramp Peak Temp H; [k]/kg]

20 °C/min 39.6 °C 136.67
10 °C/min 412°C 154.98
5°C/min 42.1°C 165.49
1°C/min 439°C 167.37
0.5 °C/min 443 °C 164.45

0.3 °C/min 445°C 170.63
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The manufacturer’s reported value for the stored heat for the RT45 is 160 £ 7.5%, so the speed
of 20 K/min do not adjust to the values in the datasheet. On the other hand, with temperature rates
below 10 K/min, the measurements are in agreement with the datasheet of the supplier. In Figure 14b.
Some of the results obtained for the RT45 sample are presented, the difference between the results
obtained in relation to the cooling rates used in the DSC is evident, it can be seen that as the cooling
rate becomes lower, the phase change occurs in a narrower range of temperatures. In the temperature
range indicated by the manufacturer, the stored energy corresponds to a sum of sensible heat and latent
heat. It is also seen that for high cooling speeds, part of the latent heat would be no longer quantified
in the specified phase change interval. Therefore, it is concluded that the speed range indicated by
ASTM D4419-90 is not recommended for this type of materials.

The specific heat curves obtained are presented in Figure 15a, where it can be seen that as the
cooling /heating rate is decreased, the value of the resulting maximum peak becomes greater, as long
as samples with the same amount of mass are tested. The results are consistent with that reported by
Mehling et al. [36], which are presented in Figure 15b, where it is shown that for equal heating rates,
but with higher mass a lower peak value is reached.

Results obtained for the PCM RT45 in Figure 15a, show how for the peak value of ¢, becomes
greater as the cooling rate decreases in the DSC, in which 5.3 mg of the sample were used.
However, for the speed of 0.3 K/min the mass used was 8.8 mg and it can be seen how the peak value
of the specific heat does not exceed the value reached with a higher speed of 1 K/min. The variability
of these results demonstrates the importance of having a unified standard for measurements to be
carried out in PCMs using the DSC. Furthermore, these rate speeds are rather different from those
recommended in ASTM standards.
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Figure 15. (a) Specific heat capacity of the PCM RT45 varying heating rates and sample mass; (b) Results
for the heat capacity of a PCM varying heating rates and sample mass, adapted from [36].

4. Discussion

To compare the results obtained between the T-history method and the DSC, the cooling rate of
the PCM samples is calculated from the T-history. It is represented in Figure 16, which shows that for
both RT45 and RT55, the cooling rate vary in some sections, but in general terms they are lower than
0.2 °C/min on average, which represents cooling rates slightly lower than those evaluated by DSC.

Figure 17 shows one of the greater advantages of T-history method over DSC and its use in
thermal energy storage applications: It allows to evaluate a representative sample of non-pure
PCM in conditions close to those usually presented in actual practice. Other advantage is that
when insulated PCM samples are evaluated, lower cooling speeds are obtained, and in the general
case of DSC equipment that is cooled by nitrogen, noise signals are induced at low cooling speeds,
which complicates the estimation of the specific heat.
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Figure 16. Heating rate from T-history test (a) RT45; (b) RT55.
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Results are compared in an Enthalpy-Temperature diagram in Figure 17 When comparing the
amount of heat stored in the range given by the manufacturer, an average Hs value of 159.74 k] /kg
was obtained, which shows the consistency between the results obtained by the T-history with respect

to those obtained by DSC.
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Figure 17. Enthalpy-Temperature comparison between DSC and the T-history method.
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Figure 18 presents the superimposed curves between the results obtained by the DSC,
those calculated with the T-history method, and the equations proposed by Kravvaritis et al. [17] for
the effective heat capacity. Correspondence is evident between the results; it was expected that at
much lower cooling rates in the T-history method than in the DSC, a higher peak would be obtained.
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Figure 18. (Comparison of cp results between the Cpeff and the DSC method (a)) RT45; (b) RT55.

When comparing the conventional, unconventional experimental results and the values reported
in the manufacturer’s data sheet, discrepancies are evident (Table 8), among which it is highlighted that:
(i) values of the phase change temperatures and enthalpies of fusion/solidification can be obtained
by the T-history and T-melting methods. (ii) For the calculation of the conductivity, results obtained
by the T-melting method show good correspondence with the values presented by the manufacturer.
Colla et al. [37] experimentally determined the conductivities of the RT45 and RT55 paraffins using an
instrument based on the hot disk technique, (ThermTest TPS 2500s) to measure thermal conductivity.
The instrument operates in transient plane source mode using a Kapton insulated disk sensor in
order to be thermally neutral. Values obtained experimentally by these authors for the RT45 paraffin
was 0.2415 W/m-K while for the RT55 it was 0.3336 W/m-K. Therefore, when results obtained and
provided by the manufacturer of 0.2 W/m-K and those calculated by the T-melting CHF are compared,
greater differences are found. Nevertheless, the T-melting CHF method allows obtaining a general
estimate of the property. (iii) The stored energy can be determined by the T-history in the evaluated
range, while with the T-melting CHF method an estimated phase change value is obtained that is
consistent with the results obtained by the DSC. (iv) the specific heat in liquid phase calculated by the
CHF method differs from that reported by the manufacturer, which can be justified not only by a poor
insulation of the experimental module, as mentioned by [34], but rather by the simplification of the
model, which does not consider the convective effects in the liquid phase. so it is not recommended
for the estimation of this property. However, the calculated solid phase specific heat is a good overall
estimate of the property. Although the manufacturer provides the same value for the specific heat in
both phases for its possible proximity and ease of handling, it is clear that the value of this property is
lower in the liquid phase than in the solid phase, this is in agreement with the results obtained from
calorimetry, which is consistent with the results found with the T-history method.
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Table 8. Comparison of the thermal properties measured of RT45, ? Rate 0.5 K/min, b Cooling, ¢ Hy,.

Measurement Method T-History T-Melting Man. Value [35] Exp. Density DSC“ Literat. [37]

T (°C) b 44.60 45.72 45 - 443 -
K (W/m-K) - 0.23 0.2 - - -
H; (K /kg) 164.45 157.16¢ 160 - 164.45 -
¢y (KJ/kg) 222 17.54 2 - 1.26 -
cps (K/kg) 4.35 2.15 2 - 2.25 0.2415
o1 (kg/m?3) - - 770 768.5 - -
ps (kg/m?3) - - 880 873.3 - -

Finally, it is evident that the data provided by the manufacturer serves as a general guide for its use
in thermal energy storage applications. However, it is advisable to determine the thermal properties
under the same experimental conditions in which they will be used. Although the need of standards for
the determination of each of the properties of phase change materials is evident, it is understandable
that this remains a technical challenge since they can be affected by the inherent characteristics of the
process in which it will be used. However, when it is required to guarantee the equilibrium values,
it is required to proceed in accordance with what was reported by Gschwander et al. [9], in which a
very slow velocities for heating and cooling are recommended.

5. Conclusions

The performance of two low cost unconventional methods (T-history and T-melting CHF) were
evaluated to estimate the thermal properties in PCM. Obtained results were compared with the values
reported by the manufacturer and those obtained by DSC for two different commercial PCM. Despite
the sensitivity to the mass of the sample and the rate of cooling/heating and the issues presented for
non-homogenous materials, DSC measurements are taken as the reference, since it is the most widely
used method for the determination of thermophysical properties in materials, including PCMs.

Results obtained with the T-history method present very good agreement for the stored or released
energies. However major discrepancies were found for ¢, j; with the T-melting CHF method and for
¢p,s01 With the T-History method. However, both methods can be used as a preliminary estimation of
the property if it is unknown a priori. The T-melting method has clear benefits for the determination
of thermal conductivity. The determination of c;, j;; with T-melting is not recommended due to the
simplifications of the method concerning the convection effects. The accuracy of both T-history and
T-melting methods can be improved by reducing the heat losses of the devices. Results obtained in
this work show that the use of low-cost methods is a reasonable alternative to estimate the thermal
properties of the PCM if a good combination of the techniques is implemented.
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MWCNT multiwall carbon nanotubes
NEPCM Nano-Enhanced PCM

TES

Thermal Energy Storage
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